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1. Introduction

This chapter concerns what can be thought of as the rules of the game: the axioms of the real
numbers. These axioms of the real numbers and, in sense, any set satisfying them is uniquely
determined to be the real numbers. This is simple enough to do. However, some basic
consequences of the axioms should also be presented so that you know how some rules you have
been taught, which are not axioms, follow from the axioms. For instance, ‘a minus times a minus
is a plus’, ‘zero times any number is zero itself’, ‘zero is the illegal divisor’, ‘1 >0’ are not rules
and formulas to be committed to memory for future use; they all follow from the axioms.

We assume that the reader is familiar with the real numbers. We shall select those
properties as axioms concerning the real number system from which all the other properties of
the real numbers can be verified. These axioms are divided into three categories:

(1) Field axioms (2) Order axioms and  (3) Completeness axiom
2. Field axioms

The real number system (reals) is first of all a set {a, b, c,...} on which the operations of addition
and multiplication are defined so that each pair of real numbers producesa unique sum and
product with the following algebraic properties.

Axiom 2.1 (Closure): Forany a, b eR,
a+beR,
abeR.

Axiom 2.2 (Commutative): For any a, b €R,
a+tb=b+acR,
ab = ba eR.

Axiom 2.3 (Associative): For any a, b, ¢ R,
(@+b)+c=a+(b+c)eR,

(ab)c = a(bc)eR.
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Axiom 2.4 (Distributive): For any a, b, ¢ R,
(@a+b)c=ac+bc eR.

Axiom 2.5 (ldentity): For any a eR, there exists 0, 1 R such that
at0=0+a=a Additive ldentity

al=la=a Multiplicative Identity
Axiom 2.6 (Inverse): For any a R, there exists b, ¢ €R such that

atb=b+a=0 Additive Inverse

ac=ca=1 Multiplicative Inverse

Axiom 2.7 (Nontrivial Field): 0 # 1

and for any a eR, such that a # 0, there exists a real number b such that ab =1 = ba.

Although these axioms seem to contain most properties of the real numbers we normally use,
they don’ characterize the real numbers; they just give the rules for arithmetic. There are other
fields besides the real numbers and can be found in abstract algebra courses.

Example 2.8:As we know that set of rational numbers Q ={p/q: peZ Aqe N}form a field,
implies that Q does not contain all the real numbers as /2 ¢ Q.

Example 2.9:Let the field F ={0,1,2} with addition and multiplication can be done by modulo 3.
It is easy to verify that the field axioms are satisfied, and it is denoted by Z,.

Theorem 2.10 (Uniqueness of Identity): The additive and multiplicative identities of a field F

are unique.
Proof: Let 0 is another additive identity. Then,0=0 + 0
=0 by identity axiom on 0
Similarly, 0 =00
=0 by multiplicative identity on0.
Theorem 2.11 (Uniqueness of Inverse): Let F be a field, if a, b eF with b # 0, then —a and b™
are unique.
Or

The additive and multiplicative inverses are unique.

Proof:Let a and b are additive inverses of c. Then,
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a=0+a by identity axiom
=(b+c)+a by inverse axiom
=b+(c+a) by associative axiom
=b+0 by inverse axiom
=b by identity axiom

This shows the additive inverse s unique. The proof is essentially the same for the multiplicative
inverse. Because of the uniqueness of inverse, we will denote —a as the additive inverse of a, and
a’! as the multiplicative inverse of a. This notation allows us to define subtraction and division as
followed.

Definition 2.12 (Subtraction): The difference between two real numbers a and b is defined by

a+(—b), and it is denoted by a —b.
Definition 2.13 (Division): The quotient of a real number a by b (#0) is defined by a.b™, and is

denoted by % or a(b™).

Remarks: (a) in generala—b#b—aand % # g
(b) Division by 0 is not allowed.
(c) Though % has meaning, g may not be defined.

Theorem 2.14: For all acR, a0 = 0a = 0.

Proof: a+0a=1a+0a by multiplicative identity
=(1+0)a by distributive axiom
=la by additive identity
=a by multiplicative identity

=a+0a=a

=a+0a+(-a)=a+(-a)...(oy subtractirg a on bothsides)

=0a=0
=a0=0...(oy commutatinaxiom)
i.e.,a0=0a=0.

Theorem 2.15: For all aeR, —a =-1(a).

Proof: a+ (-)a = (Da+(-1a by identity axiom
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=(1-1)a by distributive axiom
=0a by additive inverse
=0 by the previous theorem2.14

=a+(-Da=0
=a+(-1a+(-a) =0+ (-a)...(oy subtractirg a on bothsides)
i.e.,(-1)a=-a.
Theorem 2.16: Ifab =0, thena=0o0rb =0.
Proof:Let us prove = by considering the cases a # 0, b #0, ora, b= 0.
(@) Casea#0
(ab=0)"(a#0)= (ab=0)*{@FaH@"a=1)}
—alab=a'0 (~ab=0)
—(a*a)b=a'0
=1b=2a"0
=b =0.
(b) Case b#0
(b.a=0)"(b#0)= (h.a=0)*{@bH(bb=1)}
—ab*b=b'0 (vab=0)
—(b'b)a=b"0
—la=b"0
=a=0.
(c) Casea,b=0
= (a=0) v (b =0), independent of the fact that ab = 0.
Proof by contradiction:Let a # 0 and b # 0. Then, ab =0
—a'ab=a"0
—(ata)b=0
=1b=0
=b=0
Oops! We assume that b # 0. Thus, our assumption is wrong. Therefore, we can realize that, both
a and b cannot be non-zero or at least one of them is zero.

Corollary 2.17: For any a3, a, ..., a,eR, a1@283...a,=0< (a1 =0) v (a2 = 0) v...v(a, = 0).

Prof. K. RAJA RAMA GANDHI | http://vixra.org/pdf/1303.0099v1.pdf



[NOTES ON REAL NUMBERS] RVElgeWERpI)k!

Proof:ajasas...ap = 0 <ai(azas...ap) =0
< (a1 =0) v (aza3...an) =0
<@ =0)v(a2=0) v (azas...a,=0)

<@=0)v@=0)v...v(a,=0)

3. The Order Relation

The axiom of this part gives the order and metric properties of the real numbers. There is a
subset P of R, called the set of positive numbers, satisfying the following.

Q) Ifa,b e P, thea+bandabe P

(i) Forall a eR, eithera e Pora=0o0r-a € P (TRICHOTOMY)
Any field R satisfying the axioms so far listed is generally called an ordered field. The axioms (i)
and (ii) indicates that 1 is a positive number. Indeed, since 1 # 0, the axiom (i) indicates that
either 1 or -1 is positive. As 1 = 1.1 = (-1) (-1), the axiom (i) implies that 1 is positive. Also, by
(i), we see that R is divided into three pairwise disjoint sets. Namely, P, {0} and {-a, a € P}.
The notation a < b means that b —a € P. More precisely, look the following odder properties of
real numbers.

(a) For any real number a, b, exactly one of the following holds: a=b,a<bora>b.

(b) For all real numbers a, b, c,ifa<bandb<c=a<c.

(c) For all real numbers a, b, c,ifa<b=a+c<b +c.

(d) For all real numbers a, b, c with ¢ >0, a<b = ac <bc.
Theorem 3.1:Ifa<band b <a, thena=bh.
Proof: Ifa<b—=b—-aePora=hb. Also,forb<a=a-bePorb=a.
But, we know that a — b = -1 (b —a) and by the Trichotomy axiom (see 3(ii)) only b — a or
—1(b—a) canbein P. Thus,b—a € P = a—b € P. The only other situation a = b hold.
Theorem 3.2:1f R is an ordered field and a, b, ¢ €R, then the following hold:

(1) a<bsat+c<b+c

(2) (@a<b)r(b<c)=a<c

3) (a<b)"(c>0)=ac<bc
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(4) (a<b)”(c<0)= ac >bc.
Proof: (1)ifa<beob-aeP< (b+c)-(a+c)eP<=a+tc<b+c
(2) Let us consider b —a and ¢ — b are in P. As P is closed under addition, we see that
(b-a)+(c—b)=c-aeP=c>a
(3) Ash —a € P and c € P with P is closed under multiplication, c(b—a) =cb—caeP
= ac<bc.
(4) By considering b —a and —c are in P, then from (3), we can see ac >bc.
Theorem 3.3:If F be an ordered field and a F. If a> 0, then a™> 0.
Proof: We know that a = 0 <> a = 0 for a*> 0.
Therefore, a'a™>0 = aa"a™>0

—=(@aha>0=1a’>0=a’>0.

Corollary 3.4:1f 0 <a<b, then % < é.

Proof: By the previous theorem, a*> 0 and b™> 0. For a< b: =a(@'b™) < b(a*b™)

—(@aaV)bl< al(bb?) = 1bl< a1 :»% < é

3.1 Metric Properties

The order axiom on a field F allows us to introduce the idea of a distance between points in F.
To study this, we begin with the following definition.
Definition 3.1.1: Let F be an ordered field. The absolute value function on F is a function

xif x>0

||: F — F defined as |X ={ _
—xif x<0

The definition of|x| shows that: |— x| = |x| > Ofor all x eF.

It is also useful to observe that |X| is the larger of x and —x. When we think of [a—b| as

measuring the difference between a and b, the needy property of the || is contained in the

following theorem.

Theorem 3.1.1(The Transitive Property):If a and b are any two real numbers then
la+b| <|a|+b|.

Proof: To complete the proof, the following four properties are required.
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(@) Ifa>0andb>0,thena+b>0=|a+b=a+b=|a+|b]
(b) Ifa<Oandb<0,thena+b<0=|a+b=-a+(-b)=[a+]|.
(c) Ifa>0andb<0,thena+b=1a|-|b|.
(d) Ifa<0andb>0, thena+b=-[a+ |b|.
Precisely, |a+ b| <|a] + |b| hold as:

la+b|= lal-[b|when|a[>|b]
|bl-la| when|b|>|a|

We are used to thinking of |a — b| as the distance between the numbers a and b. This notation of a
distance between two points of a set can be generalized.
Definition 3.1.2: Let X be a set. A function d : X x X —[0,0)is called a metric if

(@ d(x,y)=0 and d(x,y)=0ifand only if x =y,
(b) d(x,y) =d(y.x),
(c) d(x,z) <d(x,y)+d(y,z) (thetriangula inequality)
We call (X,d)a metric space.
A metric is a function, which defines the distance between any two points of a set.

Example 3.1.3:(a) Take X = R and define d(x,y) =| x—y|
(b) Take X = RZ and define d((xl’ yl)!(XZ’ yz)) :| Yi—% |+| Yo =X, |

(c) Take X = R?and define d((X,,¥,), (X5, o)) =l Vi =X P +1 ¥, =%, |

(d) Any subset of R with the same metric.

4. The Completeness Axiom

All the axioms given so far are so common from pre-algebra, and, on the surface, it’s not obvious
they haven’t captured all the properties of the real numbers. As Q satisfies all of them, the
following theorem shows that we’re not yet discussed.

Theorem 4.1: There is no QeQ such that Q2 = 2.
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Proof: let us assume that, the contrary, there is Q in Q=7 = 2. Obviously, there exist p, q in N
2
such that, Q:E with (p, q) = 1 :[gj =2 = p? =292, which shows p’ is even. As the

square of an odd number is odd, p should be even or p = 2k for some k € N.

i.e., 4k* = 29°= 2k* = ¢ (since p> = 2% and p = 2k)

The some argument as above establishes that g is also even. This contradicts our assumption that
p and q are relatively primes or (p, q) = 1.

Therefore, there is no such Q exists.

Since we suspect \2 is a perfectly fine number, there’s still something missing from our earlier
discussion of axioms. The completeness axiom is somewhat more difficult than the previous
axioms, and several definitions are required to complete it.

4.2 Bounded Sets

Definition 4.2.1: The subset S < R is said to be bounded above if there is a real number M € R
such that x < M for all x € Sand M is called an upper bound of S. Note that, if M is an upper
bound for S then any bigger number is also an upper bound. Not all sets have an upper bounded.
Example4.2.2: The set N is bounded below that it is not bounded above. Hence N is not
bounded.

Theset S = {E | n e N is bounded because every element of S is less than 1 and greater than 0.
n

=S c[01].
Definition 4.2.3: The supremum (least upper bound) of a set S < R which is bounded above is
an upper bound. For b € R of S such that b < ufor any upper bound u of S. We usually denoted

by b = sup S for supremums. A number b is said to be the supremum (least upper bound) of the
set S if:

(a) bisan upper bound: ¥x e S satisfies x < b, and

(b) b is the smallest upper bound.in other words, any smallest number is not an upper bound.

If u < b then there exist x € Swith u < x.

i.e., b=supS =SUP —~X ynner hounds of S may, or may not belong to S.
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For example, (-2, 3) is bounded above by 100, 85, 5, 4, 3.55, 3. In fact 3 is its least upper bound.
In the case of (-2, 3] also has 3 as its least upper bound. Note that, the supremum of S is a
number that belongs to S then it is also called the maximum of S.

For example, the interval (-2, 3) has supremum equal to 3 and no maximum; (-2, 3] has
supremum, and maximum, equal to 3.

4.2.4 Bounded sets do have a least upper bound.

This is a fundamental property of real numbers, as it allows us to discuss about limits. Before
that, let us have a look at some following needy theorems on supremums.

Theorem 4.2.5: The set S has unique least upper bound (I.u.b).

Proof:let S < R is bounded above and that a, b eR are supremums of S. Note that, both a and b
are upper bounds of S. As a is a least upper bound of S and b is an upper bound of S, a < b.
Similarly, b is a least upper bound and a is a upper bound of S, b < a. Thus a = b, sowing that the
supremum of a set S is unique.

Intuitively, we can state the definition of supremum is in another way that, no number smaller
than the supremum can be upper-bound of the given set. For better understanding, look at the

following:

Theorem 4.2.6:An upper bound b of a set S S Ris the supremum of S if and only if for any
¢ >0 there exists s €S such that P—¢ <5

Proof:Let us take the small piece of the theorem that, ‘there exists s € S such that P —¢ < s’ says
that D= €is not an upper bound of S. Or there is some other upper bound u in R of S. For s € S,

s < u. clearly, b—¢ varies over all real numbers smaller than b as ¢ varies. Therefore, an upper
bound b of S, b = sup S if and only if no number smaller than b is an upper bound of S.

Theorem 4.2.7:Any nonempty set of real numbers which is bounded above has a supremum.
Proof: The proof of existence of supremums that | saw relied on the completeness of the real
numbers, and not much else. Basically, we constructed a Cauchy (and thus convergent) sequence
of real numbers that was always an upper bound of the set, and got infinitely close to the set.
Here's an outline:

LetU < R be a bounded set of real numbers. Then there exists s € Rsuch that for allu eU,s > u,

and for any ¢ >0,s— ¢ is not an upper bound of U.
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Let M > Obe the upper bound for U (for example, if U =(0,1),we could saM =100000000(
and it would be fine). Take T, := M,and B, to be some number that is not an upper bound for U.
Now, we given T, and B,, we will define T,,, and B,,, as follows:

We take the midpoint of T,and B,,to be called m,, and see if m, is an upper bound for U. If it
is, then we'll take T,,, :=m, andB,,, =B, Let us definea,;to be m,.If m,is not an upper bound
for U, then we define a, :=a, —-Land T,,, :=T,,and B,, =B..

The distance between T, and B, halves for each iteration, so since a;, is contained in the
interval, it is squeezed into convergence. Its limit a must be an upper bound, and the claim (I will
leave for you to play with) is that a is the least upper bound of the set U.

Definition 4.2.8: The subset S — R is said to be bounded below if there is a real number m € R
such that m < x for all x € S, and m is called a lower bound of S. Note that, if the set S is
bounded above as well as below, then S is said to be bounded. i.e. S is bounded if and only if
Sc{x|m<x<M =[m,M].

Definition 4.2.9: The infimum (the greatest lower bound) of the set if (a) b is a lower bound: any
x e S satisfies x > b, and (b) b is the greatest lower bound. In other words, any greater number is

not a lower bound.

If b < u then there is x € S with x < u.

—b=inf S =inf X, Greatest lower bounds of S may not belong to S.

For example, (-2, 3) is bounded below by -100, -15,-4, -2. In fact, -2 is its infimum. In the
interval [-2,3) also has -2 as its infimum. i.e., if the infimum of S belongs to S then it is said to be
minimum of S.

Theorem 4.2.10: Every non-empty bounded subset of the real numbers has an infimum.

Proof: Let E is a non-empty set bounded below. Construct E; = -E = {-x | X € E}. We expect
that p = inf E = - sup E; = - Q. Now we should establish the existence ofQ.

To do so we show E; is bounded above. As E is bounded from below, there exists a k such that x
>k for all x € E. Or —x < -k, and every element of E; are bounded by —k. Clearly, E; is non-
empty set and bounded above. By the Completeness axiom it has a supremum, Q (say). Now we
expect B =-Q is an infimum for E. Let us verify that 3 is lower bound and it is the greatest lower

bound. To do so, we see
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(@) As Q is an upper bound of E;= -x <Q for all X in E. i.e., x>-Q = forall x in E, and

is a lower bound for E.

(b) In case B<y = -Q<y or -y <Q. By infimum statement, there exists at € E; with -y <t

ory>-t. As -t in E= y cannot be a lower bound. Thus f is the greatest lower bound.

2+n
Example 4.2.11: Show that S is bounded and find sup S and inf S, where S= {T neN.

2+n 2

2
We know that for any n eN, T=H+1>1’ and HHS 2+1=3.

i.e, MaxS=3as3=(2/1)+1 € Aforaleastvalueofn=1,asn e N.

Now we show that inf S = 1. We have from above, 1 is a lower bound for S. Let ¢> 0 and
consider 1 + €.

= ForaeS:a<l+e.

2+n 2

2
But a should be in T:“ﬁ for some n € N. So we have 1+H<1+5<:>H<5<:>a<n-

2
Now such existence, define N = {a} +1, where [X] is the greatest integer of x.

Thus, we proved that 1 + ¢ cannot be a lower bound for any >0, inf S = 1.

4.2.12 Some Consequences of Completeness:

The property of completeness is what divides analytic from geometry and algebra. It required the
use if approximation, infinity and more dynamic visualizations.

Theorem 4.2.13 (The Archimedean Property): Let a be any real number and b any positive
real. Then there exist a positive integer n such that nb > a.

Proof: Let us consider the theorem is false and a is an upper bound of the set
S ={x[x=nb,nisanintger}= S nas 3 supremump (say), by Completeness property. Therefore,
nb<p for any integer n (*). As n + 1 is an integer, when n is (*)

=((+1)b<p

= nb < - b for some integer n.

Thus, B - b is an upper bound of S. Since, - b <3, our assumption is wrong.

Therefore, the above theorem is true.

Theorem 4.2.14: For any real number a, there exists an integer n such that a < n.
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Proof: Let us consider the theorem is false and a > n for all integers n. i.e., the set of integers N
is bounded above, and by the Completeness axiom it has a least upper bound M (say). As M is
the least upper bound, M — 1 cannot be upper bound. Obviously, there exists an integer n such
that M —1<n.i.e, M <n+1wheren +1isan integer and greater than the upper bound, which

is not possible. Thus, the theorem is true.

1
Theorem 4.2.15: For any real number b > 0, there exists an integer n such that 9 < n <b.

1
Proof: By theorem 4.2.14, there is an integer n such that 0< b <N Also by corollary 3.4, we

have0<1<b'
n

Density of the Rational and Irrationals.
Definition 4.2.16: A set D is dense in the real’s if every open interval (a, b) contains a member
of D.

Theorem 4.2.17: The set of rational numbers are dense in the intervals OR if a and b are real’s

. . . P P b
numbers with a < b, there is a rational number q such that q € (a,b).

Proof:Let a and b are any two distinct real numbers and let a <b = b — a > 0. By the
Archimedean Property of real’s, there exist a positive integer q such that
qglb—a)>1lorgb>qa+1....(*)

Also there exist a unique integer p such that

p-1<ga<p

=ga+1>p>qa....(**)

By combining (*) and (**), we get;

gh>ga+1>p>qa

=ga<p<gb

E<b

=a<
q

P _
is a rational. Let us consider —, = k =a<k<hb.

Clearly, p, q are integers with q #0 = q q
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Thus, there exist a rational number k, in between a and b. Also, by repeating the above process
for a and k, and k and b, we get new rationales k; and k, such that;

a<ki<kandk<ky<b

=a<k<k<kx<b

Again by continuing the same process, we find infinitely many rationales between any two
distinct reals.

Remark: The rational number system is not complete (see theorem 4.1).

Theorem 4.2.18: The set of irrational numbers is dense in the reals.

Proof: By theorem 4.2.17, there are rational numbers k; and k, such that a < ki< ko< b.

1
Letp=ky + E(kz —k,)

=p isirrational and ki< q <k,
= a<p<basac<ki<k,<h.
Theorem 4.2.19: Between any two distinct real numbers, there exist an infinite number of reals.
Proof: The above theorems 4.2.17 and 4.2.18 will complete the proof.
4.4.20 The extended real number system
It is often convenient to extend the system of the real numbers by the addition of two elements <«
and - co. The arithmetic relationships amongeo, -co0, and the real numbers are defined as follows:
R'= R U{ -o0,00}
Where o and -oo are largest and smallest element of the real line R. We extend the order relation
to R by -00< x <o for all x eR.
Also we define addition on R"as
X + 00 =00 = oo+ X for all x eR with x > -0
y + (-00) = -00 = (-o0) + y for all y eR with y <.
Also for x > 0, Xoo = X = o,
X(-o0) = (-00)x = -o0.
for x < 0, Xoo = 00X = -0,
X(-o0) = (-o0)x = o0,
We also define oo + o0 = 0000 = (-00)(-00) = o0

-00 -00 = 00(-00) = (-00)00 = -00
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froe| = o] = o0

00 0
Note that, oo + (-o0), 0.00,00.0, __~ and 0 are not defined.

Remark: In general, one may get doubt on oo (hnumber/ quantity or not). (#)

Infinity can be a number if you want it to be, as Mathematicians can define any sort of number
system. What is important is if it's useful and interesting. We see that infinity is not considered a
number in the set of real numbers(R). However, in Calculus and other subjects, it helps to
informally (sometimes formally) consider infinity a number with a special properties in order to
evaluate limits. This number system is called the extendedreal number system. To say yes or no
of our (#),and it is not. The answer depends entirely on what we are working with. In some
number systems, infinity is defined. In other number systems, infinity is not defined. Regarding,
modulus symbol, usually, when we are working with the extended real number system, we take
continues that are defined on the reals (or some subset) and extended them continuity to have
+o0 Or -oo Whenever possible. In the case of absolute values, we define |+oo|=+c0 and |-oo|=+c0 for
this reason:i.e. because

Lt |X|=+4cand Lt |x|=+4o0

Whether you want to call +oo and -co numbers or not is not really relevant to this situation. |
believe that it is very useful to consider them numbers... but maybe that should only be done
once you are comfortable doing arithmetic with them.

1. Show that the set S = {x: x’< 1 — x} is bounded above. Also find the least upper bound of
S.

1
2. Show that SUP{l—Hl ne N} =1

3. Justify: a>b=EHe>0:a>b+¢).

n

123
4. Find the least upper bound of S= {§§Zn_+l} and justify your answer.

5. Find lower and upper bounds of y = f(x), where f(x) = -x* + 2x* + x and x € [-1, 1.5].

6. Prove that Z is unbound both above and below.

Prof. K. RAJA RAMA GANDHI | http://vixra.org/pdf/1303.0099v1.pdf



[NOTES ON REAL NUMBERS] RVElgeWERpI)k!

10.
11.
12.

13.

14.

15.

16.

17.
18.
19.

20.

21.

22.
23.

Estimate the size of f(x) =x*—1inx (0, 2).

Prove that p is irrational, where p is prime.

For S € R pe a bounded set with =S ={-X:X € S} prove that inf S = - sup (-S).

For SSRT <R S#4T #¢ with S <Tthen prove that inf T <infS<sup S<sup T.
Prove that Q is not complete.

Given x eR, prove that there is a unique (3!) n eZ such that x € [n -1, n)

2n+1
Find the max, min, sup and inf, and justify your answer by proof forS = N+l |n €N,

x® —3x+1

Find the bound of f(X)= T 2,q for X€ [-2,2].

1+(-D"
Find the max, min, sup and inf of S= {“ N |n € N}-

Establish formulas for sup K and inf K in terms of Sup S and inf S for K= {al +b|| € N},

where a and b are fixed real numbers with S is bounded non-empty set.

Prove that, the infimum of a set, if it exits, is unique.

If M and N are non-empty subsets of R, then prove that Sup (M — N) =Sup (M) — Inf (N).
Let S be an ordered field and X, y € S. Then prove the following:

a) [X|>0and[x=0<=x=0.

b) IxI=|-x|

c) -x|<x <X

d) X<y -y<x<y

Prove that for any x eR, x <x + 1 and for x # 0, x.x> 0.

a+b\’
Prove that for any real numbers a and b, ab< (Tj .

Let a €Q with a # 0, and b is some irrational. Prove that ab also an irrational.

Let S=4{1, .12, .123, .1234, ..., .12345678910, ...}, then find g.1.b.(S) and how would
you write L.u.b.(S)?
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24,

25.
26.

217.

28.

29.

30.
31.

32.

33.

5.

a ¢
—=—=ad =bc.
Prove that b d

Prove that a™ is positive, when a is positive.

If a1, az, ... ,an are real numbers, then prove that
(i) lag + a2+ ...+t ay| < |ag| + |ag| +...+ |ay|.
(i) [az.az ... ag| = ail. |az| ... |an|-

Let f, g be real-valued functions defined on non-empty set D, and such that R= f(D) and
Ry = g(D) are bounded subsets of R. Then, Prove that

sup{f(X)+9(x): xe D}<sup{f(x): x e D}+sup{g(x): x e D},
=sup(f +g)(D) <sup f(D)+supg(D) . Note that, Rf means Range of f.

Prove that the set of negative real numbers is not bounded below.

_ la+b| _ fa] N |b|
Show that, for a and b are fixed real number, 1+la+b| 1+|a| 1+|b||strue.

Justify the statement “a>b = (Je>0:a>b +¢)”

If S <R has maximum with a supremum. Prove that, Sup S = Max S.

n-1__ 2nrx
Find the least and greatest upper bound of S = ni1%% 3 neN.

X+y+[x-y|
If x and y are real numbers, then show that max(x, y) == 5, and min(x, y)

_X+y-|x-y]|
2

Mathematical Induction

Aresemblance of the principal of mathematical induction is the game of dominoes. Let the

dominoes are lined up properly, so that when one falls, the next one will also fall and so on.

Therefore, the basic principal of mathematical induction is as follows. To prove that a statement
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holds for all positive integers n, we first verify that it holds for n = 1, and then we prove that if it
holds for k (a certain natural number), and then it holds for k + 1.
Theorem 5.1: Let Sy, S,,...,S, ... be propositions, one of for each positive integer, such that;

0] Spistrue

(i) Sp— Sp+, for each positive integer n, then S,is true for all positive integers of n.
Proof: Let K ={n|neN and S is true}
From (i), 1 € Kand from (ii), n + 1 € Kwhenevern e K=K =N []
In general, we use to hear the weak and strong induction. What is the real meaning of the weak
and strong? Where can we apply?...
The answer is simply that we use one that works. we don’t choose ahead of time which form

to use; we use the one that gives you the strength of hypothesis needed to make our proof

work.

In general, the hypothesis P(n) simply isn’t strong enough to let us derive P(n+1), but we can
derive P(n+1) if we assume P(n) and P(n—1). Sometimes we have to assume P(k) for all ksuch
that ng<k<n in order to be able to infer P(n+1). (Here nq is the initial value for the induction.) In
practice you might as well simply assume that P(k) holds for k=ny,...,n when trying to
prove P(n+1); if it turns out that you don’t actually need that strong a hypothesis, no harm has
been done. In other words, when attacking a new proof, always remember that you can use the

full strength of strong induction, though in many cases you won’t need to do so.

It’s unfortunate that so-called strong and weak induction are so often taught as different things,
when in fact they are just very slightly different special cases of a considerably more general
concept that covers transfinite induction and structural induction as well. Roughly speaking, it’s
a method that applies whenever the setting is such that it’s meaningful to talk about a minimal
counterexample to the theorem that you’re trying to prove. In the case of induction over the
integers, a minimal counterexample is simply the smallest n for which P(n) is false. You can
think of a proof by induction as a proof that no such minimal counterexample can exist. You
suppose that nis a minimal counter example and you getting a contradiction. Sometimes the
contradiction can be obtained just from the hypothesis that P(n—1) is true; sometimes you find
that you need a bit more —the truth of both P(n—1) and P(n—2), for instance, or even of

all P(k) for no<k<n. Since you’re assuming thatnis a minimal counterexample, however,
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you are assuming that P(k)is true for no<k<n, so you can use as much of that assumption as you

need in order to get your contradiction.

Example 5.2: Provethat 1 +2+3 +...+n= w...(*) for any integer n > 1.

Forn=1 (*)istrue, since 1 = M

Let us assume that, * istrue forn=k > 1, thatis 1 +2+3 +...+ k= @...(**)

Prove that * is true for n = k +1, that is

1+2+3+. . +k+(k+1) ﬁwﬂkﬂ)

*%

As we have, 1 +2 +3 +.. +k+ (k+1) =@+(k+1)

_(k+D)(k+2)

=(k +1)(%+1] )

Example 5.2: Prove that 1 +3 + 5 +...+ (2n - 1) = n®...(*) for any integer n > 1.

Forn =1 (*)is true, since 1 = 1%
Let us assume that, * is true forn =k > 1, thatis 1 + 3 + 5 +...+ (2k - 1) = K%...(**)

Prove that * is true for n = k +1, that is

1+3+5+. .+ 2k-1)+ (2k + 1) = (k +1)°.

*:

Aswehave, 1 +3+5+...+ (2k - 1) + (2k +1) = k® + (2k +1) = (k +1)°.
The following examples deal with problems for which induction is a natural and efficient method

of solution.

1forn=1&2
Example 5.3: Let a, =
a, ,+a,,forn>2, where

a, is the formula for n™ term of the Fibonacci sequence. Prove that by mathematical induction,

o - 1++/5)" - (1-/5)"

" J5.2" '

1= (1++/5) - (1-/5)
5.2

Forn=1, a4, = is true.
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(1++/5)2 = (1-+/5)?
\J5.22

Let us assume the truth of the statement for some n — 1 and n, that is

_(@+5) - (-5)"*

Forn=2,a,=1= is also true.

a,, N *)
_@+VE) -5 .
and, a, = o ()

By adding (*) and (**), we get;
—a,,=4a,,+a,
_ @B -5 (1+45)" ~(1-V5)"
J5.2" J5.2"
41++/5)" = 4(1-B)" + 2(1++/5)" —2(1—/5)"
- \/gznu
_ (1++5)" [4+ 2((L+V/5)]- (1-/5)"[4+2((L-5)]
J5.2m1
_ (1++/5)"*[6+2+/5]- (1-+/5)""[6 - 24/5]
- J5.2m
_ (1++5)"[1++/5]° - (1-+/5)"*[1- 5]’
\/§.2n+1
_ (1+\/g)n+l _(1_\/§)n+1
J5.2m

i.e., the statement is true for n = 1 and n = 2 and its truth for n — 1 and n implies its truth for

,whichis trueforn +1.

n+1
Example 5.4: Prove that n! <n"... (*) for any integer n > 1
Forn=1(*)istrueas 1! = 1!

Let (*) is true for some n = k > 1, that is k! <k*...(**)
Prove that (*) is true for n = k + 1, that is (k + 1)! <(k +1)**L.

We have (k + 1)! = k! (k + 1) <k*(k+1) < (K +D*(k +1) = (k +1)***.
Example 5.5: Prove that 7|n’ = n ... (*) for any integer n > 1.
Forn=1(*)is true, since 7]1" — 1

Let (*) is true for some n = k > 1, which is 7]k’ — k... (**)
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Prove that (*) is true for n = k + 1, that is 7|(k +1)" — (k + 1).

We have (k + 1) — (k + 1) = k” + 7k® + 21k® + 35k* + 35k> + 21k* + 7Tk + 1 — k -1
= (K" — k) + (7k® + 21k° + 35k* + 35k® + 21k + 7k)

= (k" = k) + 7(k® + 3k® + 5k* + 5k* + 3k? + k)

=divisibly by 7. (~.-by—(**))

Example 5.6:Prove that n® —n ... (*) is divisible by 3 VneN.

Forn =1 (*) is true, since 3|1° — 1

Let (*) is true for some n, that is 3|n® — n...(**)
=Mn+1)°*-(n+1)=n*+3n*+3n+1-n-1=(n*—n) +3(n*+n) #)

By (**), (#) is divisible by 3.

Prove the following by induction:

n(n+1)(2n+1)

1. The sum of square of first n natural numbers is 6 :
n(4n® —1)
2. 1P+3%+ . +@n-17>=" 5 -

3. Show that if a is a real number with a > -1, then 1+8)" =1+navneN.
n*(n+1)%(2n* +2n-1)
12 '

1 1 1 n(n+3)
5, oottt = .
123 234 nn+Y(n+2) 4n+)(n+2)

4, 1°+2°+3°+ . . +n°=

6. (N+D)(n+2)..2n-1)(2n) =2"1.35...2n-1).

T
2n+l )

7 \/2+\/2+...+ 2++/2 =2cos

n—radicals
g &, =2a, +1(neN){a,}isasequence, show that a,, =2""(a, +1).

1 1 1 1 1 1 1 1
9 —_—— A —=1- =+ .+ -,
" n+l n+2 2n 2 3 4 2n-1 2n

10. Given a sequence ay, a,...,an,... such that a; = 1 and a, = a1 + 3, (n > 2). Show that a, =
3n -2 VneN.
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11.
12.
13.
14.

15.

16.
17.

18.
19.
20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

6|n(n® + 5)
21|5" -2" for all positive even integers of n.
30[5" — 3" — 2" for all positive odd integers of n.

If o, B are the roots of x* — 14x + 36 = 0. Show that o + p" | 2", V¥ neN.
Ifn e Zand n>0then D 1= (N+1)H1.
i=0

2"> n’vn > 5 and neN.

For all n e N, there exists distinct integers x, y, z for which x? + y? + 72 = 14",
(E): (2—k)

For all integers nand k with 1 <k <n; (2—1)+2(E)+(:+k): (Eif)

Prove that every positive integer greater than 1 can be written as a product of primes.

sin 2nx

Z:;COS(ZK —Dx= 2gin x ' for x € R with sinx # 0.

n!>3"forn>7.
A set of n elements has 2" subsets.
‘Everything is the same color’. Explain the fallacy by induction.

n'" derivative of x" is n!.

Ramanujanresult : \/1+ 2\/1+ 3\/1+ 4\/1+5J1+....=3 show that

\/1+ n\/1+ (n +1)\/1+ (n+ 2)\/1+ (n+3)v1l+... =n+1LVneN.

9|5%" + 3n -1.

1 1 1
—t—+..+—=>2/n+1-2.
V142 AN

|Xn+l

—X,| < 1|x, =X, 4|, VN =1, wherer is fixedpositiveinteger.

sin X +sin 3x +...+sin(2n —1)x :Ho_ﬂ,n >1.
2sin X
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- a +a, :_..+an >nfaa,..a, ,wherea,, a,,...,a, arepositiventegers.
32. Ever integer = (3+5)" +(3-+5)"

33, J.sinn xdx = n—_ljsin“’2 xdx; is trueforn >2.(HINT:integrateby parts)
0 n 0
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