ER
\“ ‘yf

3 1,4’

Intermediate Mathematics

»
Y

Ymo®
Proof by Induction

R Horan & M Lavelle

The aim of this package is to provide a short self
assessment programme for students who want to
understand the method of proof by induction.

Copyright (©) 2005 rhoran@plymouth.ac.uk , mlavelle@plymouth.ac.uk
Last Revision Date: February 12, 2006 Version 1.0


http://www.plymouth.ac.uk/maths
mailto:rhoran@plymouth.ac.ukprotect kern +.1667em
elax ,protect kern +.1667em
elax mlavelle@plymouth.ac.uk

W=

Table of Contents

Introduction (Summation)
The Principle of Induction
Further Examples

Final Quiz

Solutions to Exercises
Solutions to Quizzes

The full range of these packages and some instructions,
should they be required, can be obtained from our web
page Mathematics Support Materials.



http://www.plymouth.ac.uk/mathaid

Section 1: Introduction (Summation) 3

1. Introduction (Summation)

Proof by induction involves statements which depend on the natural
numbers, n = 1,2,3,.... It often uses summation notation which
we now briefly review before discussing induction itself.

We write the sum of the natural numbers up to a value n as:
14243+ +(n—1)+ :Zz
i=1
The symbol ) denotes a sum over its argument for each natural

number ¢ from the lowest value, here i = 1, to the maximum value,
here i =n.

Example 1: Write out explicitly the following sums:

3
a)Zi, ZQz—i—l c)ZQi.
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The above sums when written out are:

6
a) Y i=3+4+5+6,
1=3
3
b) > (2i+1)=@2x1+1)+@2x2+1)+(2x3+1)=3+5+7,
i=1

4
o) Yy 2=2'427428 424
1=1

It is important to realise that the choice of symbol for the variable
we are summing over is arbitrary, e.g., the following two sums are

identical:
4 4
doit=> =13 428 437445
i=1 j=1

The variable that is summed over is called a dummy variable.
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5
Quiz Select from the answers below the value of ZQi .
i=2
(a) 1024, (b) 62, (c) 60, (d) 32.
EXERCISE 1. Expand the sums (click on the green letters for solutions):
3 4
(a) D (2i-1), (b) > (2-1),
i=1 j=1
4 3
() Y 107, (@ Yy 12,
s=1 j=1
3 3 4
() Y 3(2i+1), (f) Zﬁ .
i=0 j=1

EXERCISE 2. Express the following in summation notation.
(a) 14204400+8,000, (b) -3—1+1+4+3+5+7.

Hint: write a) as a sum of powers of 20.
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2. The Principle of Induction

Induction is an extremely powerful method of proving results in many
areas of mathematics. It is based upon the following principle.

The Induction Principle: let P(n) be a statement which involves
a natural number n, i.e., n =1,2,3..., then P(n) is true for all n if
a) P(1) is true, and

b) P(k) = P(k + 1) for all natural numbers k.

The standard analogy to this involves a row of dominoes: if it is shown
that toppling one domino will make the next fall over (step b) and
that the first domino has fallen (step a) then it follows that all of the
dominoes in the row will fall over.

Example 2: the result of adding the first n natural numbers is:

nn+1) . . n(n+1)
1—&—2—|—3—&—~--—&-n=T7 1.e.,P(n)1s;z:T.

This is proven on the next page.
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1x2

Step a) (the check): for n =1, Zgzli =1= v

Step b) (the induction step): assume the result is true for n = k, i.e.,

assume
Z i — k‘ + 1

The sum for n = k + 1 may be written
E+1

Zz-Zz+ (k+1).

Using the assumption thls becomes
k41

dio= @4—%—1—1)
- _ kD) 2k+1) (kD2
2 2 '

which is the desired result for n = k + 1.
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It is always worth making the check, step a), first. If it does not work
one knows that the result must be wrong and saves time.

Example 3: the result of adding the odd natural numbers is:

1 = 1,
1+3 = 4,

14+3+5 = 9,
143+5+7 = 16,
1+3+54+7+9 = 25.

This seems to indicate that
n

> (25— 1) =n’.

j=1
We will now use induction to prove this result.

Step a) (the check): we have already seen the initial step of the proof,
ie,forn=1%_(2j-1)=1=12 v
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Step b) (the inductive step): we assume it is true for n = k, i.e.,

assume
k

> 2i-1)=k.

j=1
and need to show that it follows that Zk+1(2j 1) =(k+1)2.

Write this sum (over k + 1 terms) as a sum over the first k& terms plus
the final term (where j =k + 1)

k+1 k
Si-1) = Y @-n+Exk+1)-1)
Jj=1 j=1
= B+ 2(k+1)—1) from the assumption
= kK +2k+1
= (k+1)?. v

This completes step b) and by the Principle of Induction we have
proven the result.
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EXERCISE 3. Use the Principle of Induction to prove the following
results. Unless stated otherwise assume n is a natural number. (Click
on the green letters for the solutions.)

(a) ZZQ _ nn+1)2n+1)

i=1 6 7
n 2 2
_ n?(n+1)
(b) Y %= :
=1 4
() Y ¥ l=2n—1,
j=1
n ) 1— n+1
(d) Zxﬂ = % , for z # 1 and integers n > 0.
-z
j=0

Hint: in the last exercise the check must be performed for n = 0.

Induction can also be used to prove a great many other results. The
next section treats some further applications.
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3. Further Examples

Example 3: for n a natural number prove that:
1) if n>2, then n® — n is always divisible by 3, 2) n<2".

1) If a number is divisible by 3 it can be written as 3r for integer r
Step a) (check): for n =2, 2% — 2 =6 = 3 x 2; so divisible by 3. v/
Step b) (induction step): assume that it is true for n = k, i.e., assume
that k3 — k = 3r. For n = k + 1 we have:
(k+13%—(k+1) = K +3k*+3k+1—(k+1)

= (k*—k)+3k*>+ 3k

= 3r+3k*+3k using the assumption

= 30r+k2+k). V

The Principle of Induction thus implies that n® —n is indeed divisible
by 3 for all n > 2.
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2) Show by induction that n < 2™ for all natural numbers n.

Step a) (check): for n = 1, since 2! = 2, it is true that 1 < 2.

Step b) (induction step): assume it is true for n = k, i.e., k < 2%.
Then
k+1<2F4+1,

since 1 < 2% for any natural number k and this implies that
E+1 < 28428 =2 x 2k =okF!
Hence k+1 < 281

From the Principle of Induction, n < 2™ for any natural number n.

Quiz Which of the following properties is not necessary for a natural
number n to be divisible by 107

(a) 10 divides n?, (b) 20 divides 4n,

(¢c) 5 divides n/2, (d) 100 divides 2n .
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EXERCISE 4. Use the Principle of Induction to prove the following
results. Assume n is a natural number. (Click on the green letters
for the solutions.)

(a) 5™ —1is divisible by 4,

(b) 9™+ 3 is divisible by 4,

() 3" >n?,
o 1
(d) Zj:lﬁg2_ﬁ-

EXERCISE 5. Consider the following sequence of sums:

1 Lo, LR SR B
1x2’ 1x2 2x3’ 1x2 2x3 3x4’

(a) Calculate the sums and guess the general pattern.
(b)  Prove your conjecture using proof by induction.



Section 4: Final Quiz 14

4. Final Quiz
Begin Quiz

1. Select the sum which is not equivalent to >1°, 25i.
15 15 75 15
(a) 25 i, (b) > 255, (c) D 5i, (d) 5Y 5j.
i=1 j=1 i=1 Jj=1

2. Select the expression below which is meaningless:

(a) ij, (b) 221 (c) nZZ" (d) Zz

3. In a proof by induction that 6™ — 1 is divisible by 5, which result
may occur in the inductive step (let 6¥ —1 = 5r)? (N.B. you may
need to re-arrange your equation.)

(a) 68*1 — 1 =5(6r — 1), (b) 651 —1=6(5r+ 1),
(c) 6" —1=5(6r+1), (d) 6*t1 —1=5x6r+7.

End Quiz|Score: | correct |
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Solutions to Exercises
3

Exercise 1(a) The sum Z(Qz — 1) may be written as
i=1
3
YRi-1) = 2x1-1)+@2x2-1)+2x3-1)
i=1
1+34+5
9.

One sees that the sequence 27 — 1, where i is an integer, generates the
odd integers.

Click on the green square to return
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Exercise 1(b) We can write:

4 3
D ERi-1)=> (2i-1)+2x4-1),
j=1 j=1

and from the previous exercise we have shown that
3
> (2i-1)=09.
i=1
Since 7 is a dummy variable it could just as well be called j, thus
4
d2i-1)=9+(@2x4-1)=16.
j=1
Note that this result, and the last one, are perfect squares! We will
prove a general version of this below.

Click on the green square to return
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4
Exercise 1(c) The series 2105 is
s=1
4
> 100 = 10" 4107 + 10° + 10*
s=1
— 11,110.

Click on the green square to return O
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3
Exercise 1(d) The series 2123' may be written as
j=1
3
D12 = (12x1)+ (12 x 2)+ (12 x 3)
j=1

= 12x(1+2+3),

which shows us that we could have simply extracted the constant

factor
3 3
S iz 12y
j=1 j=1

The numerical value of the series is
3
Y 12j=12x (142+3) =72
j=1

Click on the green square to return O
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3
Exercise 1(e) To calculate the series 23(21' + 1) it is simplest to
i=0
extract the common factor 3:

3 3
> 320 +1) 3 (2i+1)
1=0 =0

3Ix{2x04+1)+(2x1+1)
F@2x2+1) 4+ (2x3+1)}

= 3{1+3+5+7}

= 48.

Note that the sequence 2i + 1 also generates the odd integers.
Click on the green square to return O
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= 14+-+=

36 + 13

3
1
Exercise 1(f) The series Z—Q may be written as
=17
SR
2T 12
=17 !
49
36

Click on the green square to return

20
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Exercise 2(a) To write 1+ 20 + 400 + 8,000 as a sum, note that

1 = 20°,
20 = 20!,
400 = 20%,

8,000 = 20°.

This shows that we may write
3
1+ 20+ 400 + 8,000 = ) " 207 .
j=0

or, alternatively,

4
1+ 20+ 400 4 8,000 = ) ~20""".

i=1

Click on the green square to return
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Exercise 2(b) The sum —3—1+1+3+547 is a sum over a consecutive
range of odd integers. It may be written in many different ways. Here
are three possibilities.

4
—3-1+1+43+45+7= Y (2j-1),
j=-1
or
6
> l2i—1)—4].
=1
or
3
> (2i+1).
j=—4

There are many other possibilities.

Click on the green square to return
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1)(2n +1
Exercise 3(a) We are asked to prove that ZiQ = n(n+1)@n+1) .

; 6
=1
1
11+D)(2x1+1
Step a), check when i = 1: Zi2:12:1= (L D@x1+ )./
i=1 6
Step b) assume the result for n = k, so for n = k 4 1:
k+1 k
1)(2 1
ZiQ — ZiQ + (k+ 1)2 = w + (k+ 1)2 assumption
i=1 i=1
2
= k(k +1)(2k +61) +6(k+1) extract common factor (k+ 1)
 (k+1D[2k* + k+6k+6]  (k-+1)[2k? + Tk + 6]
- 6 - 6
(kD) (E+2)2k+3)  (k+1)(E+2)(2[k +1]+1) v
= G = G .

Click on the green square to return 0
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n 2 2

) n*(n+1)

Exercise 3(b) T that Y j* = ————
xercise 3(b) To prove tha j=1j 1 ;

12 x 22

first check it for n = 1: i.e., 231:1 P=1= v
Inductive step: assume it is true for n = k, then for n = k + 1
k+1

k
>oit = D P+
j=1 j=1

= MHIHW
k2 (k+1)% + 4(k +1)3
4
kDR +Ak+ )] (B+1)%(k+2)? y
N 4 - 4 '

which, by the Principle of Induction, proves the result.

Click on the green square to return



Solutions to Exercises 25

Exercise 3(c) To prove that ZQi—l —on 1,
j=1
first check it for n = 1: i.e., Zjl,:l gl-1_1_9l_1

In the inductive step first assume it is true for n = k, then for
n=k+1
k+1

k
9i=1  _ 9i—1 4 gk+1-1

= 2k 142k
2x 2k —1=2M1_1. v
which, by the Principle of Induction, proves the result.

Click on the green square to return O
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n
. 1— xn—&-l
Exercise 3(d) T that = —— 1
xerci (d) To prove ajzzzox T or x #
0 . 1 — 01
first check it for n = 0: i.e., . 2/ =20 =1= B g Ve
—x
In the inductive step assume it is true for n =k, so forn =k + 1
k+1 k
j=0 §=0
k+1
_ l-z 4okt
1—x
B 1— xk+1 + (1 _ .Z‘)(.Z‘kJrl)
B 1—x
1 — gkt2
- —r
1—x

which, by the Principle of Induction, proves the result.
Click on the green square to return ]
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Exercise 4(a) To prove that 5" — 1 is divisible by 4, first check it
forn=1:ie,5! —1=5-1=4=4x1.

Inductive step: assume it is true for n = k, i.e., assume 5 —1 = 4r,
where 7 is an integer. Then for n =k + 1

5FHL_1 = 5x5"-1
= 5x(4r+1)—1, sinceb" =4r+1
= 4xb5r+5-1
= 4x(Br+1).
which, from the Principle of Induction, proves the result.

Click on the green square to return
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Exercise 4(b) To prove that 9" + 3 is divisible by 4, first check it
forn=1:1ie,9'+3=9+3=12=4x3. V

Inductive step: assume it is true for n = k, i.e., assume 9% +3 = 4r,
where 7 is an integer. Then for n =k + 1

9Ftl 43 = 9x9"+3
= Ox (4r—3)+3
= 4x9r—-27+3
= 4xb5r—24
= 4x(br—6). V
which, from the Principle of Induction, proves the result.

Click on the green square to return
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Exercise 4(c) To prove that 3" > n?, i.e., 3" —n? > 0, using proof
by induction, we first check it for n = 1: ie., 3' =3>12=1.

Inductive step: now assume it is true for n = k, i.e., assume that
3F—k?2>0. Forn=4k+1

3k‘+1 _ (k + 1)2

3x 3% — (k+1)?
= 303" K2+ - (k+1)
= 303" k) +3k% K> -2k -1
= 33" kD) + kK% -2k -1
= 303" k) + K24+ (k—1)%-2.
The first term is positive by assumption and the second and third
terms are both squares so they cannot be negative. If k& > 2 then

k* — 2 is positive. Thus 3**1 — (k +1)2 > 0. From the Principle of
Induction this proves the result.

Click on the green square to return O



Solutions to Exercises 30

1 1
Exercise 4(d) We have to prove that Y37} — <2 - —.
J n
1
Check: for n = 1 one has: Z 1<2—-=1. V
Jj=1 ‘7 1

Inductive Step: assume it is true for n = k, then for n = k + 1

’“i 1 LS P S| .
S = 5 T 71 o -+ assumption!
=7 — 72 (k+1)? kT o(k+1)2 p

- B M - M Zneguality pTl’eéerved

- k(k+1)2 =7 k(k+1)z Y OOPPme T

numerator
kD) 1
- k(k+1)2 — k+1°

which, by the Principle of Induction, proves the result.

Click on the green square to return O
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Exercise 5(a) The sums are

—_

X 2
1 1 1+1 _
1x2 2x3 2 6

1 N 1 N 1 _1+1+1
1x2 2x3 3x4 2 6 12

It is thus natural to guess that in general:
1 1 1 n—1

1x2 2x3 T moon T

=W Wl N

Click on the green square to return
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Exercise 5(b) We have already checked that
1 1 1 n—1
Ix2 2x3 T -
for n =2, n =3 and n = 4. Now assume it is true for n = k. Then,
in the inductive step, consider n = k + 1 where we have:

(n—1n n

1 1 1 1
%2 2x3 T GoOr T RGAD)
Using the assumption this may be written as:
k—1 1
F T REr D
which is
k—1+ 1 (k=DE+1)+1 Kk v
k kE(k+1) k(k+1) k(k+1) k+1°

From the Principle of Induction, the result is proven.

Click on the green square to return
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Solutions to Quizzes

Solution to Quiz: The sum
> 2t=224 2% 424 425,
i=2

since the lowest value of 7 is 2. This implies

5
22i=4+8+16+32:60.

=2

End Quiz
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Solution to Quiz: If n is divisible by 10, then % =1 is an integer.

First let us show that (a), (b) and (c) are all necessary.

(a) Since n = 107, n? = 10r x 10r = 100r? which is divisible by 10.
(b) Since n = 10r, 4n = 4 x 10r = 40r which is divisible by 20.

(b) Since n = 10r, g = 5r which is divisible by 5.

Finally to demonstrate that (d) is not necessary, we only need to find
an example for which it is false. Let n = 10, then 10 divides n, but
2n = 20 is not divisible by 100.

This is an example of proof by contradiction.
End Quiz
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