Chapter 6

You Cannot be Series

The limiting process was victorious. For the limit is an indispensable concept,
whose importance is not affected by the acceptance or rejection of the infinitely
small.

Hermann Weyl “Philosophy of Mathematics and Natural Science”

6.1 What are Series?

Sequences are the fundamental objects in the study of limits. In this chapter
we will meet a very special type of sequence whose limit (when it exists) is the
best meaning we can give to the intuitive idea of an “infinite sum of numbers”.
Let’s be specific. Suppose we are given a sequence (a,). Our primary focus in
this chapter will not be on the sequence (a,) but on a related sequence which
we will call (s,). It is defined as follows:

S1 = ay
Sy = a1 + ao
S3 = a1+ az+as,

and more generally
Sp=a1+ a2+ -+ an_1+ ap.

The sequence (s,,) is called a series (or infinite series) and the term s, is
often called the nth partial sum of the series. The goal of this chapter will be
to investigate when the series (s,,) has a limit. In this way we can try to give
meaning to “infinite sums” which we might write informally as

1 1 1
T4 4=+-- 1.1
tgtgtgteo (6.1.1)
I—14+1—1+4+1—-14---, (6.1.2)
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62 CHAPTER 6. YOU CANNOT BE SERIES

but beware that the meaning that we’ll eventually give to expressions like
this (in those cases where it is indeed possible) will not be the literal one of
an infinite number of additions (what can that mean?) but as the limit of a
sequence. Sequences that arise in this way turn up throughout mathematics
and its applications so understanding them is very important.

6.2 The Sigma Notation

Before we can start taking limits of series we need to develop some useful no-
tation for finite sums that will simplify our approach to expressions like (6.1.1)
and (6.1.2)" .

Let’s suppose that we are given the following ten whole numbers: a; =
3,a9 = —7,a3 = 5,a4 = 16,a5 = —1,a¢ = 3,a7 = 10,a3 = 14,a9 = —2,a19 = 0.
We can easily calculate their sum

ay +ag+ - +ap =41, (6.2.3)

but there is a more compact way of writing the left hand side which is widely
used by mathematicians and those who apply mathematics. It is called the
“sigma notation” because it utilises the Greek letter ¥ (pronounced “sigma”)
which is capital S in English (and S should be thought of here as standing for
“sum”). Using this notation we write the left hand side of (6.2.3) as

10
E a;.
i=1

Now if you haven’t seen it before, this may appear to be a complex piece of
symbolism - but don’t despair. We’ll unpick it slowly and we’ll read bottom up.
The ¢ = 1 tells us that the first term in our addition is a1, then the ¥ comes
into play and tells us that we must add as to a; and then as to a; + as and
then a4 to a1 +as + a3 and then...but when do we stop? Well go to the top of ¥
and read the number 10. That tells you that a1¢ is the last number you should
add, and that’s it. The notation is very flexible. For example you also have

8
Zai:a1+a2+~-~+a8=43,
i=1

9
Zai:a2+a3+~-~+a9:387
i=2

7

Zai =ag +ay = 13.
i=6

1Readers who already know about this notation may want to omit this section.
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The following results are easily derived and quite useful. We will use them
without further comment in the sequel. If aq, ..., ay, b1, ... b, and c are arbitrary

real numbers then
n

n n
Z(ai + bz) = ZCL,’ + Zb“
i=1 i=1 i=1
n n

Z Cca; = C Z a;

i=1 i=1
The sigma notation is particularly useful when we have a sequence (a,) and we
want to add as far as the general term a,, to obtain the nth partial sum s,. We

can now write
n
Sp = E a;.
i=1

Notice that the letter ¢ here is only playing the role of a marker here in telling
us where to start and stop adding. It is called a “dummy index” and the value
of s, is unchanged if it is replaced by a different letter throughout - e.g.

n n
E a; = E a]‘.
=1 j=1

It’s worth pointing out one special case that often confuses students. Suppose
that a; = k takes the same value for all ¢. Then

n n
Doai=) k=ktkt tk=nk
=1 =1 n times

Our main concern in this chapter is with infinite rather than finite series
but before we return to the main topic lets look at an interesting problem
that (and this may be an apocryphal story) was given to one of the greatest
mathematicians the world has even seen, Carl Friedrich Gauss (1777-1855)2
when he was a schoolboy. The story goes that the teacher wanted to concentrate
on some urgent task and so he asked the whole class to calculate the sum of the
first 100 natural numbers so that he could work in peace while they struggled
with this fiendish problem. Apparently after 5 minutes Gauss produced the
correct answer 5050. How did he get this? It is speculated that he noticed the
following clever pattern by writing the numbers 1 to 50 in a row and then the
numbers 51 to 100 in reverse order underneath:

1 2 3 4 --- 49 50
100 99 98 &7 --- 52 51

Now each column adds to 101 - but there are 50 columns aﬁ)d0 so the answer

is 50 x 101 = 5050. In sigma notation, Gauss calculated Zz A natural
i=1

2See e.g. http://202.38.126.65/navigate/math/history /Mathematicians/Gauss.html
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n
generalisation is to seek a formula for Z 1, i.e. the sum of the first n natural
i=1
numbers. If n = 2m is an even number you can use exactly the same technique
as Gauss to show that the answer is m(2m -+ 1) or in(n+ 1). The same is true
when n = 2m + 1 is odd since (using the fact that we know the answer when n
is even),

2m—+1

D
=1

2m
> it (2m+1)
i=1

= m@2m+1)+(2m+1)
= (m+1)2m+1)

1
= in(n +1).

So we’ve shown that for every natural number n

n

> i= %n(n +1). (6.2.4)

i=1

At this stage its worth briefly considering more general finite sums which are
obtained from summing all the numbers on the list a, a+d, a+2d, . .., a+(n—1)d.
Note that there are n numbers in this list which are obtained from the first
term a by repeatedly adding the common difference d. Such a list is called an
arithmetic progression and we can find the sum S of the first n terms by using
a slight variation of Gauss’ technique. So we write

S = a + (a+d) + (a+ 2d) + 0+
S = la+(n=1)d + [e+(n—-2d + [a+(n-3))d + --- +

Now add these two expressions, noting that each of the n columns on the

right hand side sums to 2a + (n — 1)d to get

258 =n(2a+ (n—1)d),
and so

S:n[cH—;(n—l)d}

If you take a = d = 1, you can check that you get another proof of (6.2.4).

Before we return to our main topic, I can’t resist introducing the triangular
numbers. This is the sequence (a,) defined by a1 = 1,a2 = 14+ 2 = 3,a3 =
14243 =06,as =1+2+3+4 =10, etc so the nth term is a,, = In(n + 1).
Figure 6.1 below should help you see why these numbers are called “triangular”3

Figure 6.1 Representation of some triangular numbers.

3see also http://en.wikipedia.org/wiki/Triangular_number.

[a+ (n—1)d]
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It is a fact that if you add successive triangular numbers you always get a
perfect square so e.g.

143 = 4=22
3+6 = 9=32
6+10 = 16 =42

It is easy to prove that this holds in general by using (6.2.4). Indeed we have
that the sum of the nth and (n + 1)th triangular numbers is

ap + ap+1 = %n(n—l—l)—!—f(n—&—l)(n—i—Q)
= %(n+1)(n+n+2)
= (n+1)°

6.3 Convergence of Series

Let’s return to the main topic of this chapter. We are given a sequence (a,,) and
we form the associated sequence of partial sums (s,,) where s, = >_"" | a;. Now
suppose that (s,,) converges to some real number [ in the sense of Chapter 4,
i.e. for any € > 0 there exists a natural number ngy such that whenever n > ng
we have |s, — 1] < e. In this case we call | the sum of the series. In some
ways this is a bad name as [ is not a sum in the usual sense of the word, it is
a limit of sums, but this is standard terminology and we will have to live with
oo

it. There is also a special notation for . We write it as Z a;. Again from one

i=1
point of view, this is a bad notation as it makes it look like an infinite process
of addition, but on the other hand it is pretty natural once you get used to it
and it works well from the following point of view:

o0 n
l:Eal—limEai—hmsn
n—oo n—oo
i=1 i=1

Just to be absolutely clear that we understand what Y ;- a; is I'll remind you
that (if it exists) it is the real number that has the property that given any
€ > 0 there exists a natural number ng such that whenever n > ng we have
>0 ai — Y oo, ai| < e. When we consider this, we might conclude that “sum
of a series” is not a bad name as we can get arbitrarily close to the limit by
adding a large enough number of terms - so adding more terms beyond the N
that takes you to within € of the limit isn’t going to give you much more if € is
sufficiently small! Indeed if the sum of the series exists, it is common for even
the most rigorous mathematicians to write

4Just to confuse you, many textbooks write o2, ai as > o2 an which is perfectly OK
as 7 and n are dummy indices, but which might be a little strange at first because of the role
we have given to n. For this reason I'm sticking to 4, at least in this chapter where the ideas
are new to you!
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o0
Zai:a1+a2+a3+-~- (635)

i=1
as if we really do have an infinite process of addition going on! There’s no
harm in doing this so long as you appreciate that (6.3.5) is nothing more than

a suggestive notation. The truth is in the es and Ns of the limit concept.
oo

If (s,) diverges to +0o we sometimes use the notation Z a; = oo. Similarly
i=1

we write Z a; = —oo when (s,,) diverges to —oco. Also (and I hope this termi-

n o0
nology won’t confuse anyone) if I write that Z a; (or even Z a;) converges (or
i=1 i=1

diverges) this is sometimes just a convenient shorthand for the convergence (or
n

divergence) of (s,) where s, = Z a;. So when we talk of convergent or (diver-
i=1
gent) series. we really mean the convergence (or divergence) of the associated
sequence of partial sums.
Now what about some examples? To make things simpler at the beginning,
for the next two sections we’ll focus on nonnegative series, i.e. those for which
a; > 0 for each 7 - so for example (6.1.1) is included, but not (6.1.2).

6.4 Nonnegative Series

OK - so far all we’ve really done is give a definition and some new notation. Now
it’s time to get down to the serious business of real mathematics. I'll remind
you that for the next few sections we’re going to focus on sequences (a,,) where
each a, > 0. We consider the partial sums (s,). Our first observation is that
this is a monotonic increasing sequence as

n+1

n n
Sn+1 — Snp = E a; — g a; = g a; + any1 — E a; = apq1 > 0,
i=1 1=1

and so $p41 > s, for all n. It then follows from Corollary 5.2.1 that (s,,) either
converges (to its supremum) or diverges to +00. Now we’ll study some examples.

1
We've seen already that Zz = fn(n + 1) and this clearly diverges to +oco. If
you look at higher powers of i then thelr partial sums are even larger and so we

should expect divergence again, e.g. Zz =14+2243% 4+ +n?’>n*>n
=1

and since (n) diverges, then so does Ziz. Indeed this is a consequence of
i=1
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n
Theorem 4.1.3. A similar argument applies to Zim where m > 1 is any real
i=1

number. What about m = 0, well here we have Z ¥ = Zl = n which again
i=1 i=1

n n
diverges. Finally if 0 < m < 1, we have " > 1 and so Z "> Z 1 = n which

i=1 i=1
n

also diverges. So we can conclude that Zz’m diverges to oo for all m > 0.

=1
What happens when m < 07 Lets start by looking at the case m = —1. This
is the famous harmonic series which is obtained by summing the terms of the
harmonic sequence that we discussed in section 4.1:

i 2 3 4 n'

A reasonable conjecture might be that this series converges as lim,_ %L =

so as n gets very large the difference between s, and s,y; is getting smaller
and smaller. Indeed if we calculate the first few terms we find that s;1 = 1,89 =
%, S3 = %, S4 = %, S5 = %, ..., so we might well believe that the sum of the
series is a number between 2 and 3. But (as we should know by now), looking

at the first five terms (or even the first billion) may not be a helpful guide to

n
understanding convergence. In fact Z — diverges. To see why this is so, we’ll
i
i=1
employ a clever argument that collects terms together in powers of 2. We look
at®

Lot
i 2 \3 4

+ 1+1+1+1+1+1+1+1
9 10 11 12 13 14 15 16

+ )
r-l41 2142 2n

Now observe that

111
S+ >+

1

1 p—
3474 4 2
5For the relationship with the notion of harmonic in music see e.g.
http://en.wikipedia.org/wiki/Harmonic_series_(music)
6This argument is due to Nicole Oresme (13237-1382), a Parisian thinker who eventually
became Bishop of Lisieux - see e.g. http://en.wikipedia.org/wiki/Nicole_Oresme
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LS U O DS S S G
5 6 7 878 8 & 8 2

AP WU U U S U U S
9 10 13 16 16 2’

and we continue this argument until we get to

= + = +- L _ ! + = +- =
on—1 4 1 on—1 49 on ~ 9n—1 41 on—1 49 on—1 4 9n—1°
There are 2"~ ! terms in this general sum and each term is greater than 27
SO
Loy o L
2n=1 41 " 2n-142 2n on 27

If we count the number of brackets on the right hand side of (*) and also
include the terms 1 and 1, we find that We have (n + 1) terms altogether and
we have seen that n of these terms exceed 1 5

2'IL
1
We conclude that Z > 1—|—n - =1 + — and we can see from this that the

i=1
series diverges. Indeed given any K > 0 we can find ng such that 1+ 3 > K for

all n > ng (just take ng to be the smallest natural number larger than 2(K —1))

n
1
and then Z - > K for all n > 2™0,
im1
At this stage you might be getting the feeling that all series are divergent.
You can rest assured that that is far from the case. There are plenty of conver-

gent series around as we’ll soon see. The next series on our list that we should
n

1
consider is Z — but we need a few more tools before we can investigate that
i

i=1
n

one. In fact we’ll need to know about the related series Z ——— and this
—~i(i+1)

will furnish our first example of a convergent series.

1

Example 6.1: Z Tl)
(i

To show this series converges we’ll first find a neat formula for the nth partial
sum. To begin with, you should check by cross-multiplication that

1 1 1

i(i+1) i i+1
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n
1
Next we write E —— as a “telescopic sum””:
P i(i+1)

N
i <n12—n11)+(n11‘i>+<i‘ni1)

after cancellation. So we conclude that

Yot —
~i(i+1) T a1

However we know that the sequence whose nth term is
and so we see that

1
717 converges to 0

n

> 1 1 1
Z,, :limzleflim =1
i(i+1)  noci(i+1) n—oon + 1

i=1

This is our first successful encounter with a convergent series so we should
allow ourselves a quick pause for appreciation. In this case we also have an
example where the sum of the series is explicitly known. This is in fact quite
rare. In most cases where we can show that a series converges we will not know
the limit explicitly.

At this stage it is worth thinking a little bit about the relationship between
the sequences (a,,) and (s,) from the point of view of convergence. The last two

examples we’ve considered were Z — an Z . In the first of these we
=1
1
have a, = + and we know that lim — = 0, but we’ve shown that (s,,) diverges.
n—oo n,

In the second example, a, = and again we have lim

nn+1) n—oo n(n + 1)
but in this case (s,) converges as we've just seen. It’s time for a theorem:

_0’

n

Theorem 6.4.1 Ifz a; converges then so does the sequence (a,,) andlim, . a, =

i=1
0.

7So called because the series can be compressed into a simple form by cancellation. The
analogy is with the collapse of an old-fashioned telescope.
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Proof. Suppose that lim, .. s, = [ then we also have lim, o S_1 = [
(think about it.) Now since

Qp = Sp — Sn—1,

for all n > 2, we can use the algebra of limits, firstly to deduce that (ay)
converges and secondly to find that

lim a, = lim s, — lim s,_1
n— oo n—oo n—oo
= [-1=0,
and we are done. O

Its important to appreciate what Theorem 6.4.1 is really telling us. It says
that if (s,,) converges then it follows that (a,,) converges to zero. It should not be
confused with the converse statement: “if (a,,) converges to zero then it follows
that (s,) converges” which is false - and the case a, = + provides a counter-
example. On the other hand, one of the most useful applications of Theorem
6.4.1 is to prove that a series diverges for if we use the fact that a statement

is logically equivalent to its contrapositive®, we see that Theorem 6.4.1 also
n

tells us that if (a,) does not converge to zero then Zai diverges e.g. we see
i=1

n .
100 diverges since h_}nolo m nh_{go @ =1

immediately that Z

by algebra of hmlts
By the way, we said that we’d only consider non-negative series in this
section, but you can check that Theorem 6.4.1 holds without this constraint.

6.5 The Comparison Test

The theory of series is full of tests for convergence which are various tricks that
have been developed over the years for showing that a series is convergent or

divergent. We’ll meet a small number of these in this chapter. In fact we can’t
n

1
proceed further in our quest to show convergence of Z — Wwithout being able
i
i=1
to use the comparison test and we’ll present this as a theorem. The proof of (1)
is particularly sweet as it makes use of old friends from earlier chapters.

Theorem 6.5.1 (The Comparison Test) Suppose that (a,,) and (by,) are se-
quences with 0 < a,, < b, for all n. Then

n n
1. ibei converges then so does Zai,

i=1 i=1

8The contrapositive of “If P then Q.” is “If not Q then not P.”
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n n
2. if Z a; diverges then so does Z b;.
i=1 1=1

Proof. Throughout this proof we’ll write s,, = Zai (as usual) and t,, =
i=1

1. We are given that the sequence (t,) converges and so it is bounded by
Theorem 4.2.1. In particular it is bounded above and since each t, is
positive, it follows that there exists K > 0 such that ¢, = |¢,| < K for all
n. Now since each a; < b; we have for all n that

n

n
Sn= a; <Y b=ty <K,
=1 =1

and so the sequence (s,,) is bounded above. We have already pointed out
that (s,) is monotonic increasing and so we can apply Theorem 5.2.1 (1)
to conclude that (s,) converges as required.

2. This really just a special case of Theorem 4.1.3 but since I didn’t prove
that result I will do so for this one. The sequence (s,,) diverges so given
any L > 0 there exists a natural number ny such that s, > L. But since
each b; > a; we can argue as in (1) to deduce that ¢, > s, > L and hence
(t,,) diverges.

O
n
1
We'll now (as promised) apply the comparison test to show that Z — con-
i

i=1
verges.

"1
Example 6.2 E =
i

i=1

We know from Example 6.1 that Z ; converges and so by the algebra
—i(i+1)
of limits so does 2 i 1 = ; 2 .
—i(i+1)  —i(i+1)
Now
2 1 1] 2 1
iGi+1) 2 i L‘H _zl
o1 [2i—-(i+1)
T [ i(i+1) ]
i—1

I
o

— > 0.
26i+1) =
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1 2
So if we take a; = — and b; = —————, we have 0 < a; < b; and so by Theorem
i? i(t+1)

1
6.5.1 (1), Z 72 converges as advertised.
i=1

n

We’ve now shown that Z — converges. But is it possible to find an exact
£ g

value for the sum of this series? The problem was first posed by Jacob Bernoulli
(1654-1705).% As Bernoulli was living in Basle, Switzerland at the time the

— 1
problem of finding a real number k such that Z — = k became known as the
i
i=1
“Basle problem”. The problem was solved by one of the greatest mathematicians
of all time Leonhard Euler'® (1706-90) in 1735. He showed that

S
i=1 # 6

so that k = %2 which is 1.6449 to four decimal places. This connection between
the sums of inverses of squares of natural numbers and 7 - the universal constant
which is the ratio of the circumference of any circle to its diameter is really
beautiful and may appear a little mysterious. To give Euler’s original proof
goes beyond the scope of this book.!! If you take a university level course that
teaches you the idea of a Fourier series then there is a very nice succinct proof
which uses that concept in a delightful way.

Now that we have the comparison test up our sleeves then we can make
n

. 1
much more progress in our goal to fully understand when E — converges for
i
. i=1
various values of r.

n
1
Example 6.3 g — for r > 2.
7/7'
i=1

All the series of this type converge. To see this its enough to notice that if
¢ is any natural number then whenever r > 2

i >t
Now by (L5) we have

1 1
7§ﬁ7

~

9He was one of three brothers who all made important mathematical contributions. Fur-
thermore the sons and grandsons of this remarkable trio produced another five mathematicians
- see e.g. http://en.wikipedia.org/wiki/Bernoulli_family. Be aware that Jacob is sometimes
called by his Anglicised name James and should not be confused with his younger brother
Johann (also called John.)

10See http://en.wikipedia.org/wiki/Leonhard Euler

1 The best account of this that I’ve come across is in Jeffrey Stopple’s superb textbook “A
Primer of Number Theory”, Cambridge University Press (2003). See Chapter 14 for more
about this book.
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and we can immediately apply the comparison test (Theorem 6.5.1 (1)) to de-

n
1
duce that E — converges for r > 2.
i
i=1

1
Example 6.4 E —for0<r<1.
Z’I"
i=1

In this case we have i" < 4 for all natural numbers ¢ and so again by (L5),
% < z% Now apply the comparison test in the form Theorem 6.5.1 (2) to deduce

1
that Z — diverges for 0 < r < 1.
/LT

i=1

— 1
I've already told you how Euler found an exact formula for Z - Wwhich
i

i=1
00

. 1 .
featured 72. He also discovered exact formulae for E — where r is an even
i

number and these are all expressed in terms of 7. 1 won’t write down the exact
formulae here as they are more complicated then the case r = 2. We’ll postpone
that to the next chapter as there is a fascinating connection with the number e

which we're going to study there.!'? Remarkably, very little is still known about
o0

1
Z - in the case where r is an odd number (r > 3). We had to wait until 1978
i=1

o0
1
for Roger Apéry (1916-94) to prove that Z = 18 an irrational number!
i
i=1
n
To complete the story of Z n” where r is any real number we should look
i=1

1
at E — for 1 < r < 2. We'll need a new technique before we do that and this
ZT
i=1

is the theme of the next section.

Before we do that, let’s look at one more interesting series. We’ve shown that
o)

E — diverges. Now we’ll consider the sum of all reciprocals of the square-free
i

i=1

integers:

1,2,3,5,6,7,10,11,13,14, .. .,

i.e. those natural numbers that can never have a perfect square as a factor.

It seems that this is a “smaller sum” so it may be possible that it converges.
We’ll denote the generic square-free integer as i,y where the suffix sf stands for

121f you can’t wait, try looking in section 6.2 of Stopple’s book that is cited above.
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oo

1
“square-free” and consider E — .13 Remember that in chapter 1, we showed
. Zsf
isfp=1

that any natural number n can be written as n = ispm? where m < n is a
natural number.

(oo}
1
Theorem 6.5.2 Z — diverges.

igp=1"°

Proof. The result more or less follows from the inequality

i
ing=1 5T m=1

H'M:
I,

To see that this holds you need only use the fact that for any 1 < i < n,

1 1 1 1
— = —— where m <n and i5y < n, so - certainly appears in the product of
i dspm : i

o0
1
the sums on the right hand side - and that is enough. We’ve seen that Z —
m
m=1
converges (to a positive number which is the supremum of the sequence of partial
sums) and so we can make the right hand side of the last inequality larger to
obtain

n

1 1 = 1 |
Sle(X L) (S )t
Tsf=

lsf

i=1 Gop=1 m=1
o0
. . . . 2
where k = E — (which we saw earlier is in fact equal to %-.)
m
m=1

1
From this and Theorem 4.1.3 we see that the divergence of Z — follows

’Lfls‘f

=1
from that of Z —. O
7

i=1
Corollary 6.5.1 There are infinitely many square-free integers.

Proof. Suppose by way of contradiction that there was a largest square-free
integer I,¢. Then

o0

Z _1+ +3+ +

)

Iss

1
131t may be that a better notation for this is Z —— which we define to mean precisely

igf <00 tsf
limy 00 Z -
é,f<n
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and this is a finite sum of numbers. This contradicts the result of Theorem
6.5.2. O.

Since all prime numbers are square-free you may wonder whether the sum
1
of all — (where p is prime) converges or diverges. We’ll come back to settle that

question in Chapter 8.

6.6 Geometric Series

In this section we’ll look at series such as

1+1+1+1+1+ (6.6.6)
2 4 8 16 ’ e
6+ 18+ 54+ 162+ 486+ - -- (6.6.7)
Both of these are examples of geometric series, i.e. they are of the form
oo
Z ar' = a4+ ar + ar® 4+ ar® + ---. The number a is (surprise, surprise) called
i=0

the first term and r is called the common ratio.** So in (6.6.6) a = 1 and
r =32 1In (66.7), a =6 and r = 3. You might have guessed that (6.6.7)
diverges and have speculated that (6.6.6) may well converge. To investigate
this in the general case we’ll first find a general formula for the nth partial sum

Sp = Zar”.15 This finite series is sometimes called a geometric progression.
i=0
To find the general formula we first note that if » = 1 then
Sn=a+a+--+a=(n+1a. (6.6.8)
Now assume that r # 1 to find that

Sp=a+ar+ar®+---+ar". (6.6.9)
Then multiply both sides of (6.6.9) by r to obtain

rs, =ar+ar’ +ar® + - +ar™ +ar"L (6.6.10)

Notice that all the terms on the right hand sides of (6.6.9) and (6.6.10) are
common to both equations except the first term a in (6.6.9) and the last term
ar™™ in (6.6.10). If we subtract (6.6.10) from (6.6.9) we obtain

(1=7)sp =a—ar"!,

14To understand why the word “geometric” is used here go to the section “Relationship to
geometry and Euclid’s work” in http://en.wikipedia.org/wiki/Geometric_progression.

15Note that we start at 4 = 0 here instead of i = 1 but this introduces no new difficulties in
finding limits. If you want to you can even systematically replace Y 7" ar® with Z?jll art—1,
However do bear in mind that s, is now the sum of the first n + 1 terms.
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and since r # 1 it is legitimate to divide both sides by r to get the formula
we are seeking:
a(l —rmth)
= . 6.6.11
Sn 1—r ( )
For example, you can use this to quickly calculate the sum of the first 10
terms in (6.6.6) by spotting that a = 1 and r = % in this case. So we want

1110
L(1-m") 1 1 1023
Sg=———7 - =2—_5=2——-=—_—.
1-35 2 512 512
You can use a similar argument to deduce that s, = 2— QL and this sequence

clearly converges to 2.

More generally if |r| < 1 (so =1 < r < 1) then by Example 4.2 we have
lim,, o, 7™ = 0. Hence if we apply the algebra of limits in (6.6.11) we see that
the geometric series converges and

- n a
= . 6.6.12
gar T (6.6.12)

In fact it is easy to check using (6.6.8) and (6.6.11) that the geometric series
converges for no other value of r. Indeed if r > 1 it diverges to +oo, if r = —1

it oscillates finitely between 0 and a and if r < —1 it oscillates infinitely.
n

Now we are going to use the geometric series as a tool in proving that Z -
i=1
converges for 1 < r < 2. We'll use a similar trick to the one we employed to

n
1
prove that Z — diverges. We'll write the natural numbers in the form
i
i=1
2090 p 1,2t 21 41,22 22 41,22 42,23 - 1,23, ...
~ Now consider all the terms written in this form that lie between 2¢=1 and
2* —1 (including these two “end-points”) where i is an arbitrary natural number.
There are exactly 2°~! such numbers (think about it - and look at the case i = 3
from the list above for inspiration if necessary). Now define

L ! + ! PR S
(2T T (2T 4 1)r (2T 42y (20— 1)

b =

Since

is the largest number which appears on the right hand side we

1
(2i-1)r

r—1 i—1
, 1 1 1
. i—1 _ _
b <2 '(27271)7“ - (22'1) - (27“1) ’

get
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But the series on the right hand side is a geometric one having first term
1 and common ratio 2%1 < 1 since r > 1. So this geometric series converges

n
and hence by the comparison test so does Z b;. But this series is nothing but

=0
n

Z P rewritten in a clever way that involves powers of 2. And that’s it.
i=1

We have now completed the story of . | i where r is a real number. We
have shown that the series diverges if » < 1 and converges if r > 1. The
“parameter” r plays a similar role here to the temperature of substances like
water. Water is frozen solid for temperatures below 0 degrees celsius but at that
temperature it melts to form a liquid and this is called a “phase transition” in
physics. If we keep on increasing temperature then the water stays liquid until
we get to 100 degrees celsius when it changes to a gas and this is a second phase

transition. By analogy we can regard the value » = 1 as indicating a phase
n

transition between the regions where the series Zir diverges and converges
i=1

(respectively). This analogy may not be as far-fetched as it seems as analysis

plays an important role in the mathematical modelling of real phase transitions.

6.7 The Ratio Test

In the last section we saw the benefits of the comparison test for proving conver-
gence of series. Although it is a wonderful thing it is by no means the only tool

that we need for playing the series game and indeed there are many important
o0

1
series such as Z =5 where it doesn’t help at all.!® In this section we’ll develop
1!
i=1
another useful test called the ratio test.'” Before we prove this, it will be helpful

to make some general remarks about infinite series.
n

Suppose that we have a finite series Z a; where each a; > 0. We can split
i=1
the sum at any intermediate point

Zai = Zai + Z a;, (6713)
i=1 i=1

i=m-+1

n
Can we do the same for infinite sums? Suppose that Zai converges to
i=1

6Remember that i! = i(i — 1)(i — 2)---3.2.1

17Sometimes  called  d’Alembert’s ratio test in  honour of the French
thinker Jean d’Alembert (1717-83) who was the first to publish it - see
http://en.wikipedia.org/wiki/Jean_le_Rond_d’Alembert
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n
[. Now consider the sequence whose nth term is Z a;. This series also
i=m—+1
converges by the comparison test as we have (using the notation of Theorem
6.5.1) b; < a; for each ¢ where b; =0if 1 <i < m and b; = a; if i > m + 1. Tts

then natural to define .

9]
E a; = lim E a;.
n— o0

i=m-+1 1=m-+1

Applying the algebra of limits in (6.7.13) we find that
> o = (3o
i=m+1 i=1 i=1

(o) m

D =) a

i=1 i=1

and so

i=1 i=1

1=m-+1

o0
Notice from this that to show Zai converges its enough to prove that

i=1
00

Z a; converges for any fixed m which can be as large as we like. This makes
i=m+1
sens—(: from an intuitive point of view as it’s the “tail” of the series, i.e. it’s value
beyond a certain point, that determines convergence.
We’re now ready to describe the ratio test and as usual we’ll state the test
as a theorem. The proof of this gives us another opportunity to appreciate the
value of geometric series.

Theorem 6.7.1 (The Ratio Test) Suppose that (ay,) is a sequence of positive

a
real numbers for which lim,,_, Sl l, then

n

n
) Zai converges if [ < 1.
i=1

n
. Z a; diverges if | > 1.
i=1
o Ifl =1 the test is inconclusive and the series may converge or diverge.

Proof. First suppose that | < 1 and notice that we can then find an € > 0
such that

I+e<1...(1),
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indeed no matter how close to 1 the real number [ may get, there is always

some gap and choosing € = (1 — ), for example, will only fill half of that gap.

Now lets go back to the definition of the limit of a sequence. Since (%)
converges to [ and given the value of € that we’ve just chosen to satisfy (i), we

know there exists a natural number ng such that if n > ng then ‘% — l‘ <€

i.e. a
n+1 ..
l—e< —=<l+e...(ii)
An,
Now we can write each
Ap  Gp-—1 Apy+42
a, = . Grng+1-
Ap—1 Gp—2 anoJrl

Each ratio on the right hand side satisfies (ii) and so we have
an < (I +e)" ™ a1,

since there are precisely n — ng — 1 ratios on the right hand side. Now an,+1
is a fixed number and Y77 (I + €)" 7" an, 41 is a geometric series with
first term ay,,+1 and common ratio [ + e. This converges by (i) and so by the
comparison test (bearing in mind (6.7.14)) > | a,, converges.
Now suppose that [ > 1 and choose € = [—1 in the left hand side inequality of
(ii). Then we can find mq such that if m > mg then % > 1, i.e Gmy1 > Q.
oo
But then we cannot possibly have lim,, . a¢; = 0 and so Z a, diverges by
n=1
Theorem 6.4.1.18
To see that anything can happen when [ = 1 consider how Y. | a; behaves

as n — oo in the two cases an:% and an:%. O

Note that Theorem 6.7.1 assumes implicity that we are dealing with a series

a
for which lim —= exists. If it doesn’t then we cannot apply the ratio test (at

n—oo
least not in this form of it, see Exercise 6.11 for a more general version.)

Example 6.5 Z T
i=1
n n
We’ll use the ratio test to examine the convergence of the series Z a;—' where
x is an arbitrary positive number. This series will play an importazntlrole in the
next chapter when we’ll be learning about the irrational number that is denoted
by e. The ratio test is easy to apply in this case, we have

n n+1

X

X
anzﬁ y  On41 = (TL+1)!7

18Recall that I told you that this result would be helpful in proving divergence.
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and so

a ntl ! .n!
ntl T A S — 0 as n — oo,
an (n+D'a» (n+1)n! n+1

irrespective of the value of x. So ! =0 < 1 and we conclude that the series
converges for all values of x. This proof has given us a lot. Not only do we know

n
1
that E - converges (in fact, as we’ll see in Chapter 7, the sum of the series is
7!
i=1

"~ 102039°
the special number e) but also that, e.g. Z —
1!

i=1

converges.

6.8 General Infinite Series

So far in this chapter we’ve only considered infinite series that have non-negative

' x
terms. But what about more general series such as Z(—l)Z or Z — where z
7!
i=1 i=1
is an arbitrary real number? Let’s focus on the first of these. If we group the
terms as

(—1+ 1)+ (-1+1)+(-1+1)+---

then it seems to be converging to zero but if we write it as
I+ (=14+1)+(-14+1)+(=14+1)+---

it looks like it converges to 1. We should take this as a “health warning” that

dealing with negative numbers in infinite series might lead to headaches. We’ll

come back to regrouping terms in series later in this chapter. Now let’s focus

on the general picture. We are interested in the convergence (or otherwise) of
n

a series E a; where (a,) is an arbitrary sequence of real numbers, so we’ve

i=1

dropped the constraint that these numbers are all non-negative. Its a shame

to lose all the knowledge we’ve gained in the early part of this chapter so lets
n

introduce a link to that material. To each general series E a; we can associate
i=1

n n
the non-negative series E |a;|. Here’s a key definition. The series E a; is

i=1 =1
n

said to be absolutely convergent if Z |a;| converges. So for example the series
- 1 - - 1 1

z:(—l)H'li—2 is absolutely convergent since Z |(—1)i! Z—2| = Z 7 converges.

lz\Izolw all we’ve done so far is make a deﬁniti(z;l% The next theozrz%n tells us why

this is useful.
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Theorem 6.8.1 Any absolutely convergent series is convergent.

n
Proof. We want to show that the sequence whose nth term is s, = Zai
i=1
converges. Suppose that it is absolutely convergent. Then the sequence (¢,,)
n

converges where ¢, = Z |a;|. Now each |a;| > a; and |a;| > —a; (recall section
i=1
3.4) and so
0<a;+ |Cll| < 2|ai|.

n
Now by algebra of limits 2 Z |a;| converges and hence by the comparison test
i=1
so does u, = > ;(a; + |a;]). Then by algebra of limits we have convergence of
$p = Up — t, and our job is done! O

n
41
By Theorem 6.8.1 we see immediately that Z(—l)”‘l,—2 converges. Next
i
i=1
we have an important example that picks up an earlier theme.

0
x
Example 6.6 Z T
i=1
We can now show that this series converges when z is an arbitrary real
number. Indeed we’ve already shown this when = > 0. If < 0 then

Rl sl
=Xy
i=1 i=1

n

D

i=1

i
i

nooi
x
and since |z| > 0 this last series converges. So Z - is absolutely convergent
7!
i=1
and hence is convergent by Theorem 6.8.1.

Both of the tests for convergence that we’ve met can be souped up into tests
for general series. I'll state these but if you want proofs, you’ll have to provide
the details (see Exercise 6.12.) Both cases are quite straightforward to deal
with.

The Comparison Test - general case. If (a,,) is an arbitrary sequence of real
numbers and (b,,) is a sequence of non-negative numbers so that |a,| < b, for

n n
all n then if Z b, converges so does Z a;.
i=1 i=1

The Ratio Test - general case. If (ay,) is a sequence of real numbers for which

an41
Qan

n n
lim,, o0 =1, thenifl <1, Z a; converges, if [ > 1, Z a; diverges and if
i=1 i=1
! = 1 then the test is inconclusive.
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6.9 Conditional Convergence

We'’ve seen in the last section that every absolutely convergent series is con-

vergent. In this section we’ll focus on the convergence of series that may not
n

11
be absolutely convergent. For example consider the series g (71)”17_ which
i
i=1
begins 1 — % + % — i + % — -+ . This series is certainly not absolutely convergent
n

as we've already shown that the harmonic series Z — diverges. But the partial
i

i=1
sums of this series will certainly be smaller than those of the harmonic series so
perhaps there is a chance that it will converge? Before we investigate further
we’ll need another definition. If (a,) is a sequence of real numbers for which

n n n
Zai converges but Z |a;| diverges then the series Z a; is said to be condi-
i=1 i=1 i=1
tionally convergent. We’ve not met any conditionally convergent series yet but
the next theorem, which gives us another test for convergence, will give us the
tool we need to find them. This convergence test is named after Gottfried Leib-
niz'? (1646-1716) who was a renaissance man, par excellence! In his well known
book “Men of Mathematics” that gives a series of short biographies of famous
(male!) mathematicians, E.T.Bell writes “Mathematics was one of the many
fields in which Leibniz showed conspicuous genius: law, religion, statecraft, his-
tory, logic, metaphysics and speculative philosophy all owe to him contributions,
any one of which would have secured his fame and preserved his memory.”

Theorem 6.9.1 (Leibniz’ Test) Let (a,) be a sequence of non-negative num-
bers that is

(a) monotonic decreasing, (b) convergent to zero.

n
In this case the series Z(fl)”lai converges.
i=1

n

Proof. Let s,, = Z(—l)“‘lai. Let n be even so that n = 2m for some m.
i=1
Then

Som = (a1 — a2) + (a3 — aq) + -+ - + (a2m—1 — A2m)-
It follows that
52m+2 = 82(m+1) = S2m T (@2m41 — G2m42) > S2m,

since (a,,) is monotonic decreasing. This shows that the sequence (s3,,) is mono-
tonic increasing. It is also bounded above since

19Gee http://en.wikipedia.org/wiki/Gottfried_Leibniz
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Som = a1 — (az - ag) - (a3 - a4) e (a2m—2 - azm—l) — Q2m

S aq.

Here we’ve used the fact that the sequence (a,) is non-negative so that as,, > 0
and that it is also monotonic decreasing, so each bracket is non-negative. We
can now apply Theorem 5.2.1 (1) to conclude that (ss,,) converges and we define
s = limy,— o0 S2m- We now know that even partial sums converge. What about
the odd ones? Well by algebra of limits we have
lim somi1 = lim sop + lim agpmy1r =s+0=s.
m—0o0 m—00 m—00

We’ve shown that lim,, o S2im = s and lim,, 00 S2m+1 = s. To prove the
theorem we need to show that the full sequence (s,,) converges. It seems feasible
that if it does then lim,, ,o, s, = s and this is what we’ll now prove. Its about
time we had an € and an ng again, so let’s fix € > 0. Then from what has been
proved above there exists ng such that if m > ng then |sa,, — s| < € and there
exists ny such that if m > n; then |sopm41 — s| < €. Now let n > max(ng, n1).
Then either n is even and so n = 2m for some m or n is odd in which case
n = 2m + 1. In either case we have |s,, — s| < € and the result is proved. 0

n

It is very easy to apply Leibniz’ test to see immediately that Z(—l)
i=1

converges and this gives us a nice example of a conditionally convergent series.

In fact this is an example of a series where the sum is known and it is log,(2)
(the logarithm to base e of 2 whose decimal expansion begins 0.6931471.) The
proof uses calculus which goes beyond the scope of this book but I've included a
sketch below for those who know some integration (and as an incentive to learn
about it for those who don’t.)

i+11
i

We start with the following binomial series expansion which is valid for —1 < z < 1:

I+2)7" = Y (-D"a"

n=0
= —m—|—1:2—:z:3—|—1:4—~~~
Now integrate both sides (the interchange of integration with infinite summation

on the right hand side needs justification!) to get

22 5 2t
log, (1 S
og,.(1+z) T- + 3 1

_ ~1 n+1x7
;( ) n!

Because of the constraint on z we can’t just put x = 1 (tempting though this may

be) but after some careful work, it turns out that you can take the limit as x — 1
(from below) and this gives the required result.
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6.10 Regrouping and Rearrangements

There are two ways in which we can mix up the terms in an infinite series -

by regrouping and by rearrangement. In the first of these we add the series

in a different way by bracketing the terms differently (I did this earlier for the
n

series 1) ut we don't change e order in whic €rms appear. 1n €
ies » (—1)) but we don’t change the ord hich t ppear. In th
i=1

second we mix up the order in which terms appear as much as we please. For
n
1 1 1 1 1

example, consider the series ; 2= 1+ 1 + 9 + 6 + % + ---. An example

of a regrouping of this series is

VI (U Y VIR SN I R R
49 16 25 36 - 36 3600

and here is a rearrangement of the same series:

1+1+1+1+1+1+1+
9 25 36 4 49 36
If a series is convergent then regrouping can’t do it much harm but rear-

rangements can wreak havoc as we will see. First lets look at regrouping:

Theorem 6.10.1 If a series converges to | then it continues to converge to the
same limit after any regrouping.

n
Proof. Suppose the series Zai converges to [. We’ll write a general re-
i=1
grouping of the series as follows:

by = apt+az+ -+ am,
ba = Omy+1 T Omo 2 + 00+ Ay
b = Amy_1+1 + Amy_1+2 + -+ Am,; -

n
n m;
Then E b, = E a, and we have m; > n. Since the original series converges
=1 r=1

iai—l

r=1

we know that given € > 0 there exists ng such that if m; > ng then <

n

> bi—1

i=1
required convergence. O

€. Now if n > ng we must have m; > ng and so < € which gives the

The contrapositive of the statement of this theorem tells us that if a series
converges to more than one limit after regrouping then it diverges and this gives
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us a simple proof that Y ;- (—1)" diverges as we’ve already shown how to group
it in such a way that it converges to 0 and to 1.

Rearrangements are more complicated. We won’t prove anything about
them here but will be content with just stating two results which are both
originally due to the great nineteenth century German mathematician Bernhard
Riemann?® (1826-66)

n
o If Z a; is absolutely convergent to [ then any rearrangement of the series
i=1
is also convergent to the same limit.
n

o If Zai is conditionally convergent then given any real number z, it is

i=1

possible to find a rearrangement such that the rearranged series converges
to z. In fact rearrangements can even be found for which the series diverges
to 400 or —oo.

The second result quoted here is quite mindboggling and the two results
taken together illustrates that there is quite a significant difference in behaviour
between absolutely convergent and conditionally convergent series. To see a
concrete example of how to rearrange conditionally convergent series to converge
to different values look at pp. 177-8 of D.Bressoud “A Radical Approach to Real
Analysis” (second edition), Mathematical Association of America (2007)2.

I’ll close this section with a remark about divergent series. You may think
that once a series has been shown to diverge then that’s the end of the story. In
fact it can sometimes make sense to assign a number to a divergent series and

even refer to it as the “sum”- where “sum” is interpreted in a different way to
n

usual. For example consider our old friend (6.1.2) - the series Z(—l)”‘l. The
i=1

great Leonhard Euler noticed that this is a geometric series with first term 1 and

common ratio —1. Even though the formula (6.6.12) is not valid in this context,

Euler applied it and argued that the series “converges” to 5 Euler’s reasoning

was incorrect here but his intuition was sound. If you redefine summation of a
series to mean taking the limit of averages of partial sums rather than partial
sums themselves, then this is precisely the answer that you get. If you want
to explore divergent series further from this point of view then a good place to
start is Exercise 6.19. See also http://en.wikipedia.org/wiki/Divergent_series

6.11 Real Numbers and Decimal Expansions

In this book we’ve adopted a working definition of a real number as one that has
a decimal expansion. But what do we really mean by this? Since ag.aja2a3a4 -+ =

208ee http://en.wikipedia.org/wiki/Bernhard _Riemann
21This book is briefly discussed in Chapter 14
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ao+0.a1a2a3a4 - - - if the number 0.a1aza3a4 - - - is positive and ag—0.a1a2a3a4 - - -
if it is negative we might as well just consider those real numbers that lie between
0 and 1 for the purposes of this discussion. Now

ay az as a4

0. o= by 72
120304 10 7 100 " 1000 107

so we can see that decimal expansions are really nothing but a convenient
an
107
remarked, a rational number either has a finite decimal expansion such as % =

% + % + % + .- or the a,s are given by a periodic (or eventually periodic)
o0

o0
shorthand for convergent infinite series of the form Z . As we've already

n=1

pattern such as + = Z —— so each a, = 3 in this example.

3 10”
n=1
By the way, it appears that we have privileged the number 10 in this story but
(as discussed in section 2.1) that is just a matter of convenience and collective

habit. We could just as easily work in base 2 for example and represent all
oo

b
numbers between 0 and 1 as binary decimals Z 2—2 e.g. % = 0.1 in this base
n=1
oo

and % = 0.0l = Z Tk This is of course a geometric series and you should

n=1
check that it has the right limit.

We stick to base 10 because we're used to it (recall the discussion in section
2.1.)

An interesting phenomenon occurs with numbers whose decimal expansion

is always 9 after a given point so they look like z = ajas---an999--- =
o0
. 9
a1a2~~aN9:a1a2-~aN+ E 107"

r=N+1

[ee]
Lets focus on E
107
r=N-+1
and common ratio is %. So it converges to

. This is a geometric series whose first term is 557

9 9 1
10M+T  _ 10N+T
_1r = 9 N
1 10 10 10

This means that £ = a1as - --any +0.00---01 where the 1 is in the Nth place
after the decimal point. So we can write £ = ajas - - - ays where an: = ay + 1,
e.g. 0.3679 = 0.368 and 0.999999 --- = 0.9 = 1.

Generally two distinct decimal expansions that differ in only one place give
rise to different numbers. The phenomenon that occurs with repeating nines is
a very special one where the notation breaks down and appears to be giving you
two different numbers that are in fact identical. From a common-sense point of
view this may be quite obvious as e.g. % =03and 1 =3x % =3x0.3=0.9.
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Just before we conclude this chapter we may ask whether every series Z

10n
n=1
converges to give a legitimate decimal expansion. Here the a,s are chosen from
0,1,2,...,9. It easy to establish convergence. Since each a,, < 9 we can use
(o]

the comparison test as Z = 1. Thus we have a complete correspondence

n=1

107L

between numbers that lie between 0 and 1 and infinite series of the form Z

n=1

10m°

6.12 Exercises for Chapter 6

1. Investigate the convergence of the following series and find the sum when-
ever this exists

00 = = 4
o D) nlntD) (C);(nﬂ)(nm)

n=1

e) Z sin”(d) where 0<60 <2rm
n=0

S
Ly

(n+2)’

oo
2. Use known results about sequences to give thorough proofs that if Z an

n=1

and Z b, both converge then

S
—

NE

(a)

(an + byp) converges

Il
A

n

oo
A Z a, converges forall A € R
=1

Formulate and prove similar results which pertain to divergence in the
case where both series are properly divergent to 400 or to —oo. Why
doesn’t (a) extend to the case where one of the series is properly divergent
to +o0o while the other is properly divergent to —oo?

3. Show that if Z a, converges then limpy_, o Z a, =0
n=1 n=N

4. (a) Use geometric series to write the recurring decimal 0.17 as a fraction
in its lowest terms. [Hint: 0.17 = Tt s 4]

(b) Suppose that c is a block of m whole numbers in a recurrent decimal
expansion 0.¢ (e.g. if ¢ = 1234 then m = 4 and 0.¢ = 0.1234.) Deduce
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5.

6.

10.

11.

12.
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Show that each of the series whose nth term is given below diverges

n+1
n+2

(a) (=1)™ (b) (14 €)™ where e >0 (c)

Use the comparison test to investigate the convergence of the series whose
nth term is as follows

1 1+ cos(n) n n 2 + sin(n)

v O 7 O @y @

(a)

Use the ratio test to investigate the convergence of the series whose nth
term is as follows

Note that the solutions to (c) and (d) require some knowledge of the
number e, which is discussed in Chapter 7.

Use any appropriate technique to investigate the convergence of the series
whose nth term is as follows

1 ~ (e 1 nl(n +4)!
@ g O VI TV (0 s (@)

Once again for (a) it helps if you know about e (or do Problem 13 first.)

Show that if >~ 7 | a, is a convergent series of non-negative real numbers
and (b,) is a bounded sequence of non-negative real numbers, then the
series Y | a,b,, also converges.

Show that if >"°7 | a,, is a convergent series of positive real numbers then
the series ZZOH \/@nGny1 is also convergent.

Prove the following more powerful form of the ratio test which does not

. An+41 .
assume that lim,,_ ., —— exists:-
n

Let (an,n € N) be a sequence of positive numbers for which there exists
0 < r < 1 and a whole number ng such that for all n > ngy, 22t < r then

Qn

o0 oo
a
E a, converges. If "t S 1 for all n > ng then E a, diverges.

2%

n=1 n=1

Give thorough proofs of the comparison test and the ratio test for series
of the form "7 | a, where (a,) is an arbitrary real-valued sequence.
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13.

14.

15.

16.

Although they are the best known ones, the comparison test and the ratio
test are not the only tests for convergent series. Another well-known test is
Cauchy’s root test. This states that if (a,,) is a sequence with each a,, > 0
and if there exists 0 < r < 1 with " /@, < r for all n then Y~ a,
converges but if "y/a,, > 1 for all n then Y~ a,, diverges. To prove this
result:

(a) Assume ",/a, < r with 0 < r < 1. Show that a,, < r" for all n
and hence use the comparison test with a geometric series to show
>0 | a, converges.

(b) Suppose that ™y/a,, > 1 for all n. Deduce that lim,,_, o @, = 0 cannot
hold and hence show that Y | a,, diverges.

(c) Deduce the stronger from of the root test whereby for convergence
we only require that "\/a, < r for all n > ng where ng is a given
whole number and for divergence we ask that ",/a, > 1 for infinitely
many 7.

In section 6.6 we showed that . ° | L converges whenever 7 > 1. You

can use a similar argument to prove another test for convergence of series

called Cauchy’s condensation test: if (a,,n € N) is a non-negative mono-
oo o0

tonic decreasing sequence then E an converges if and only if E 2" agn
n=1 n=1
converges.

Hint: First show that for each k € N,
Aok =+ a2k+1 —+ ... Agk+1_1 S 2ka2k
a2k+1 + a21«+2 + e &2k+1 2 2ka2k+1

For each of the following series, decide whether it is (a) convergent, (b)
absolutely convergent, giving your reasons in each case.

n+1 )n—l

Lo (51 o (-1 e cos(n)
(i) ; NG (ii) ;73712_2” (iii) ;7715

Only one of the following statements is true. Present either a counter-
example or a proof in each case

o9} o0
(a) If Z a? converges then so does Z |an]
n=1 n=1

(b) If Z |ar,| converges then so does Z a?

n=1 n=1
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17.

18.

19.
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o0

Give an example of a sequence (a,,n € N) for which Z a, converges but
n=1

o0

Z a2 does not.

n=1

Recall Cauchy’s inequality for sums from Exercise 3.9: If a1,a9,...,a,

and by, bs, ..., b, are real numbers then

zn:aibi < (iaf) 2 (ib?) 2 .
i=1 i=1 i=1

Now extend this inequality to series so if (a,) and (b,) are sequences
and we are given that both Y 7 a2 and ) -, b2 converge, show that

Z?Zl a;b; converges absolutely and that

S fanba] < (i) @b>

n=1 n=1

Suppose that Y7 | a,, diverges. It is sometimes useful to find the sum of
an associated series that really converges. One example of a summation
technique for associating a convergent series to a divergent one is Césaro
summation. Recall the sequence of partial sums (s,,) where s, =Y " | a;.
We define the Césaro average of the partial sums to be s, = L(s; + s +
-+ s,) and if lim,,_, s/, exists then we say that the series Y | a, is
Césaro summable.

(a) Prove that if Y ° | a, converges in the usual sense then it is also
Cesaro summable and that both limits are the same.

(b) Let a, = (—1)"**. Show that Y-, a, is Césaro summable and that
the limit of the Cesaro averages is %



