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Inductive sets

(1) Definition: A set S CR is an inductive set if 0 € S and if, whenever x € S then z+ 1€ S.

In “logic” thisis (VS € ZR)( S is an inductive set < [(0€ S)A(Vz eR)(z e S=x+1€9)]).
Examples

R is inductive, because 0 is a real number and because for all real numbers z, it is true that  +1 € R.
The set Sy := [0, +00) (={x € R: 2z >0} ) is inductive too.

It takes more care to show that S; := {0} U[1, +00) is inductive. To do so, we begin by noting that 0 € S; “by
construction.” To show that x € S; = x4+ 1 € S; we assume that =z € S;, and consider two cases: = = 0 and
x€[l,+00). If =0 then x+1=1€]l, +o0) C Sy, so “c € Sy =x+1¢€ 5" is true when = = 0. In the
other case, x is a real number that is at least one: = > 1. If we add 1 to both sides of this inequality, the (new)
inequality « +1 > 141 is true (this is one of the things we take for granted), and 1+ 1 > 1 since 1 € P. Thus
by the transitivity of inequality (another thing to take for granted), x4+ 1> 1, so z+1 € [1, +o0) C 5.

But S := {0} U (1, +00) is not inductive! This is because 0+ 1 ¢ S.

Definition of N:

The set N of natural numbers is defined to be the set of all real numbers that are contained in every inductive set.
We will see that, in other words, N is the smallest inductive set. In symbols, the definition reads

N:= ﬂ S.

S is inductive

To express the Definition “in logic,” it will be useful to have some notation: we let J denote the collection
(synonymous with “set”) of all inductive subsets of R. That is, S €J <= S is an inductive set. ~Then

(2) N:={zeR: (VSel)(ze€S9)}.

This equation will be our official definition of N. The equation only uses set axioms and the axioms for R.

Since every inductive set must contain 1, it is certainly true that 1 € N. Moreover, if z € N, it is true that
x4+ 1 € N. This is true because this particular z is in every inductive set S, by definition of N. But then
x4+ 1€ S, for every inductive set S. Thus x + 1 belongs to every inductive set, and so x +1 € N.

We have proved:
(3) Theorem: The set N of natural numbers is an inductive set.

This was all we needed to know about N in order to prove, using LUB, that N is not bounded above! Let us
state that Theorem here.

(4) Theorem: The set N of natural numbers is not bounded above.

(5) Exercise: Prove that for all n € N; n > 0. That is, 0 is the least element of N. Hint: Use So, above.
The next Theorem is easy to prove, but it is very important!

(6) Theorem: If SCN and S is an inductive set, then S = N.

Proof: By (1), every element 2z in N is in every inductive set. Since S is given to be an inductive set, every
element  in N isin S, and this proves that N C S.

This Theorem says that N is the smallest inductive set. This Theorem has another name too! It is known as
“The Principle of Mathematical Induction!” However, the Principle of Mathematical Induction is usually stated in
a different way!
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Mathematical Induction

Sometimes we can prove theorems of the form (Vn € N)P(n) (which is read “For all n in N, P(n) is true”) in
two steps:

First step: Prove (that) P(0) (is true).

We then prove that, if P(n) is true, then P(n 4+ 1) is true. Of course, there is a “missing” quantifier! We are to
actually carry out the

Second step: Prove that (Vn € N)(P(n) = P(n+1)) is true.
Conclusion: (¥n € N)P(n) is true.
The Principle of Mathematical Induction is actually a Theorem!

(7) Theorem (The Principle of Mathematical Induction): Suppose that, for each n € N, we are given a
mathematical statement P(n). Suppose, in addition, that

(i) P(0) is true
and
(ii)) (vn € N)(P(n) = P(n+1)) is true.

Then
(Vn € N)P(n) is true.

Proof: Let S:={neN:P(n)}. We will prove that S is an inductive set contained in N, so that by Theorem
(6), P(n) is true for all n € N.

By (i), P(0) is true, so 0 € S. Next, suppose that n, € S, meaning P(n,) is true. From (i) we deduce that
P(no) = P(n,+1) is true. But then, from the truth table for implication, we deduce that P(n,+1) is true. Thus
n,+1 € S. Since n, was an arbitrary element of S, we deduce that (Vn € S)(n€ S=n+1¢€.5S) is true. Hence
S is an inductive set, and by the definition of S, S C N. By Theorem (6), S = N. This says that P(n) is true
for all n € N.

The Peano Postulates (or Axioms)

In principle, we can use the four following statements as our fundamental axioms, then define the integers, the
rational numbers and finally the real numbers. It would take about one semester to do all that. Instead, we have
begun by assuming the Axioms for the Real Numbers as our basic statements. Thus the Peano Postulates are not
(for us) postulates at all. They are definitions or theorems. First we state them in a precise form, followed by a
vague version. After all that we’ll deal with them in turn.

(P1) There exists a non-empty set N, whose elements we will call natural numbers.

(P2) There exists a one-to-one function s: N — N, that we will call the successor function.
(P3) There exists an element 0 € N such that 0 is not in the image, s(N), of s.

(P4) For all subsets S of N, if S contains 0, and s(S) C S, then S =N.

According to the Encyclopedia Britannica, 15th edition, the five Peano postulates are:

0 is a number.

The successor of any number is also a number.

No two distinct numbers have the same successor.

0 is not the successor of any number.

5. If any property is possessed by 0 and also by the successor of any number having that property, then all numbers
have that property.

==

The statement (P1) is introductory; it is there to provide a “context” for the following statements. We defined N
in (2), and N is nonempty because it contains 0.
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The function s defined by s(n):=n+1 is the one we use in (P2). We have to prove that s is one-to—one. Thus
we suppose that s(m) = s(n), where m € N and n € N. We have to show that m = n. We use the fact that m
and n and 1 are real numbers. We are given that m + 1 =mn+ 1. In Axiom (4) we select z = 1, and obtain w
such that 14w = 0. Then

m=m+0 (Axiom (3))
=m+ (1 +w) (Substitution of 14w for 0)
=(m+1)4+w (Associativity, Axiom (1))
=(n+1)4+w (Substitution of n+1 for m+1)
=n+(1+w) (Assoc.)
=n+0=mn (Substitution of 0 for 1+ w, then Axiom (3).

If we had taken the trouble to prove the Cancellation Law for Addition, we could have simply written:
“m+1=n+1= m =mn, by (additive) cancellation.”
Were we starting with the Peano Postulates, we would not have the operation of addition yet!

There is something strange about (P3), as it asserts the existence of an element of N with a special property. That
element is 0, which we already know about. The statement has to stand as it is, in case it is the Peano Axioms
that we start with! We are here making a real (pun intended) “model” of N. So all we need to do is prove that
for all n € N, 0 # s(n) = n+ 1. We return to the real numbers, since N C R. Suppose, to the contrary, that
0=n+1 for some n €N. Then n # 0 since 0# 1 by Axiom (10). But n cannot be positive either, since then
0 =n+1 would be positive (Axiom (__)). Thus n ¢ [0, = co0). But then, n cannot be a natural number, because
N C [0, = o0). This contradiction shows that for all n € N, s(n) =n+17#0. Thus (P3) is true.

Finally, (P4) is really Theorem (6) in disguise. For, 0 € S and s(S) C S says that S is an inductive subset of N,
so by Theorem (6), S =N.

Here are the details: S is given to be a subset of N. It is given that 0 € S. We have to verify that, for all n € S,
n+1€S. But n+1 = s(n), and we are given that s(S) C S, which means that for every n € S, n+1=s(n) € S,
so S is inductive. The hypotheses of Theorem (6) are true, hecne so is its conclusion, namely S = N.

Sequences A sequence is a function with domain N. Nothing has yet been said about the range space of the
function. Here is the official definition, of a sequence in a set X.

(7.1) Definition Let X be a non-empty set. A sequence in X is a function with domain N and range X.

If x:N— X isasequence, we usually write x, instead of z(n). This emphasizes the intuitive idea that a sequence
is an ordered list of elements of X, in the sense that there is a first one, then a second one and so on. We distinguish
between a term x, of a sequence and we write {z,} for the sequence as a whole.

You have seen sequences that follow a repeatedly applied rule. For example, the Fibonacci sequence is usually
described by the requirements that Fy =1, Fy =1 and F,41 = F,, + F,,—1 for n > 1. This way of defining
a sequence is called “definition by induction.” To be sure that this sequence actually exists as a function that is
defined for every n € N, and not just for the n’s that we can compute it for before we tire, we need a Theorem
that uses the Peano Postulates and Set Theory.

The Recursive Sequence Theorems: they justify “definition by induction”

Introduction (may be skipped) The Recursive Sequence Theorem is an Existence and Uniqueness Theorem. It

asserts the existence of a certain kind of function with domain N (or Z™) and any specified non-empty range space
X.

1/ 2
Let’s look at another example: Let x; := 1, and decree that for each n > 1, z,41 = 3 <— + xn> This is a
Tn

“definition by induction.” If you are bothered by this, you are absolutely right! Does this process really define a
sequence? The answer is that it does, but a Theorem is needed to connect N and the set theory that is needed to
define functions.
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We defined a function to be a set of ordered pairs. The ordered pairs here are not actually specified, as they are in

1
the definition F,, := n(nTJr)
(7.2) Recursive Sequence Theorem One Let X be a non-empty set, and suppose that zo € X. Suppose also
that H : X — X is a function. Then there exists a unique sequence R :N — X such that Ry = x¢ and such that
for all n € N, R,1 = H(R,).

. The Recursive Sequence Theorem justifies this definition.

Remarks: The first version of the proof to follow is very leisurely. It is based on the proof given in the book [2],
Naive Set Theory, by Paul Halmos. A shorter version will follow. You might want to go directly to the short version!
In the proof we will use s(n) to denote the successor function s: N — N that we know is “really” n+ 1. However,
for those people who start with the Peano Postulates, addition is not yet defined; we need the Recursive Sequence
Theorem to actually define addition in the peano context!

Proof of existence: Our objective is to construct a set of ordered pairs that has the properties of a function H : N — X.
We will begin by using set—selector notation to select unimaginably many sets of ordered pairs! We will define a set
Fo of subsets of N x X. We often use synonyms, such as “family,” for the word “set” in this context so we won’t

have to say things like “let Fy be the following set of sets...” We define the family Fy C oN X X by
Fo:={S € N XX (0, o) € S and (Vn e N)(Vx € X)((n, z) € S = (s(n), H(x)) € S)}.

In words, Fy is the family of all sets S of ordered pairs in Nx X such that (0, z9) € S and, whenever (n, z) € S,
then (s(n), H(x)) € S as well. Since N x X contains all possible ordered pairs of natural numbers n and elements
z of X, Nx X e Fy. Thus Fy is a non-empty family of non-empty sets.

The set R of ordered pairs we want is the set of all ordered pairs that are in every one of the sets S € Fy. Before
we form this set, let’s check that it can “act” like a function. We define

Ey:={n€N: thereexists z € X such that (n,z)e€ S forall S e Fy}.

Let us show that every natural number n is in FEy. This will show that when we form the set R of all ordered
pairs in N x X that are in every S € Fy (we have a notation for this: R = ﬂ S), it will be true that for every

SeFo
n € N there exists x € X such that (n, ) € R. This is one of the requirements R must satisfy if R is to be a

function from N to X.

Proof that Ey = N: We will use induction. By definition, (0, z9) € S for every S € Fy. Thus 0 € Ey. Now
we suppose that n € Fy. This means that there is some x € X such that (n, ) belongs to every S € Fy. But
(n, x) € S € Fy means that (s(n), H(z)) € S € Fy. Therefore, for every S € Fy, (s(n), H(z)) € S, so s(n) € Ep.
But then FEj satisfies the conditions in the Induction Axiom, so Fy = N.

Now we officially define the set R:

R:= ﬂ S, the set of all ordered pairs (n, ) that are in every S € Fy.
SeFo

(8) Exercise: Prove that R € Fy.
(9) Exercise: Prove that R is the smallest set in Fy.

To prove that R is (the graph of) a function with domain N and range X, we have to verify two things:

(i) For every n € N there exists € X such that (n, z) € R;
(ii) For all n in N and all 27 and x5 in X, if (n, 1) € R and (n, x3) € R then zy = z».

We already showed that (i) is true for R, because for every n € N, there is an € X such that (n, ) € S for
every S € Fy. Therefore (n, z) € R.

To verify (ii) we might begin by supposing that (n, 1) € R and (n, 22) € R. We would then have to show that
x1 = x3. We will do this, but by induction. We define

Ey:={neN: (Vo € X)(Vaz € X)([(n, #1) € RA (n, 22) € R] = [v1 = 22]) }.
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If we can show that F; = N, this will show, for arbitrary n € N and arbitrary z; and z, in X, that whenever
(n, 1) € R and (n, z2) € R then z1 = zs.

Proof that E; = N: We will use this idea: assume the contrary, and then construct sets in Fy that are strictly
smaller than R. Since R is the smallest set in Fg, this will give the desired contradictions.

By construction, (0, zp) € R. If also (0, yo) € R and yo # xo, we construct a new set S’ := R\ {(0, yo)}-
This set has to be in Fy. Firstly, (0, z9) € R, and, since zy # yo, (0, z9) € R\ {(0, y0)} = S’. Secondly, if
(m, z) € 8 then (m, x) € R, so (s(m), H(x)) € R. Moreover, (s(m), H(z)) # (0, yo) because s(m) # 0 for
any m, and for ordered pairs to be unequal it’s enough if one pair of two corresponding coordinates is unequal.
Therefore (s(m), H(z)) € R\ {(0, y0)} = S’. Therefore S’ € 5. But S’ is R with one element removed, so S’
is strictly smaller than the smallest set in Fy. This is a contradiction, so 0 € Ej.

We assume n € Ep, and seek to show that this implies s(n) € E;. Again we proceed by contradiction, assuming
that s(n) ¢ Ey. Since n € Ey, (n,z) € R for a unique = € X. Then (s(n), H(z)) € R. However, by our
assumtion of the contrary, there is also some y; € X such that y; # H(x) and (s(n),y1) € R as well. We
construct another set, S” := R\ {(s(n), y1)}-

Our strategy again is to show that S” € Fy. As before, this will give a contradiction.
Once again, (0, z9) € S” because 0 # s(n) for any natural number means that (0, zo) # (s(n), y1).

Now we suppose that (m, y) € S”. There are two cases to consider: m #n and m = n.
It m £ n, we have s(m) # s(n), 5o (s(m), H(y)) # (s(n), 1)
However, (s(m), H(y)) € R because (m,y) € S” CR.

And (s(m), H(y)) # (s(n), y1), so (s(m), H(y)) € R\ {(s(n), y1)} = 5"
That is, when m #n, (m ) S” = (s(m), H(y)) € 5".

Finally we have to deal with the case m = n. Here, (m, y) = (n, y) € R, so y =z (by uniqueness, because n € E)
and therefore (s(m), H(y)) = (s(n), H(xz)) € R. Since y1 # H(z), (s(m), H(y)) = (s(n), H(z)) # (s(n), y1).
Hence (s(m), H(y)) = (s(n), H(x)) € 5"

Thus S” € Fy, which gives a contradiction. Thus s(n) € Eq, so E; = N. Hence (ii) is true for R so R is a function
with domain N. We can now write R,, to denote the element z of X in the ordered pair (n, z): R, :=z.

Proof of uniqueness: Suppose R and R’ satisfy the conditions of the Theorem. That is, Ry = z¢o = R}, and for
all n €N, Ry =H(R,) and R, = H(R;). We define the set

Ey:={neN:R,=R,}.

To show that R’ = R all we have to do is show that Fy = N. We use induction. We are given that 0 € Fy. If

n € Ep, then R}, = R,. But then R, = H(R;)= H(R;)= Ry). The second equality is by Substitution. The

first and third equalities are given. Thus s(n) € Ea, so E; =N and so R' = R.

A shorter version of the proof We define the family Fy C c oNxX by

={Se N X X :(0, z9) € S and (Vn e N)(Vx € X)((n, z) € S = (s(n), H(z)) € S)}.

In words, Fy is the family of all sets S of ordered pairs in Nx X such that (0, z9) € S and, whenever (n, z) € S,
then (s(n), H(x)) € S as well. Since N x X contains all possible ordered pairs of natural numbers n and elements
z of X, Nx X € Fp.

The set R of ordered pairs we want is the set of all ordered pairs that are in every one of the sets S € Fy:

= ﬂ S, the set of all ordered pairs (n, ) that are in every S € Fp.
SeFo

To prove that R is (the graph of) a function with domain N and range X, we have to verify two things:
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(i) For every n € N there exists € X such that (n, z) € R;
(ii) For all n in N and all z; and z3 in X, if (n,2z1) € R and (n, x2) € R then z; = xs.

To verify (i) we define
Ey:={n e N: thereexists z € X suchthat (n,z)e S forall S e Fy}.

Let us show that every natural number n is in Ep. We will use induction. By definition, (0, z9) € S for every
S € Fy. Thus 0 € Ey. Next we suppose that n € Ey. Now (n, x) € S € Fy means that (s(n), H(z)) € S € Fy.
Therefore, for every S € Fy, (s(n), H(z)) € S, so s(n) € Ep. But then Ej satisfies the conditions in the Induction
Axiom, so Fp =N and thus (i) is true for R.

To verify (ii) we define
E| = {n eEN: (Vry € X)(Vap € X)([(n, x1) € RA(n, x2) € R} = [acl = xz])}

Showing E; = N means that for every n € N and every z; and z2 in X, whenever (n, z;) € R and (n, z2) € R
then x1 = xs.

Proof that E1 = N: We assume the contrary: FE; # N.

By construction, (0, zg) € R. If also (0, y0) € R and yo # zo, we construct S’ := R\ {(0, y9)}. To get a
contradiction we show S’ € Fy. First, (0, z9) € R, and, since z¢ # yo, (0, 29) € R\ {(0, yo)} = S’. Secondly,
if (m,z) €S then (m, z) € R, so (s(m), H(z)) € R. Moreover, (s(m), H(z)) # (0, yo) because s(m) # 0 for
any m. Therefore (s(m), H(z)) € R\ {(0, yo)} = S’. Therefore S’ € Fy. But S’ is strictly smaller than R, the
smallest set in Fy. This is a contradiction, so 0 € Ej.

We assume n € Ep, and seek to show that this implies s(n) € F;. Again we proceed by contradiction, assuming
that s(n) ¢ Ey. Since n € Ey, (n,z) € R for a unique = € X. Then (s(n), H(xz)) € R. However, by our
assumtion of the contrary, there is also some y; € X such that y; # H(x) and (s(n),y1) € R as well. We
construct another set, S” := R\ {(s(n), y1)}.

Our strategy again is to show that S” € Fy. As before, this will give a contradiction.
Since 0 # s(n) for any natural number, (0, zg) € S”.

We suppose (m, y) € S” and consider two cases: m #n and m = n.

It mn, s(m)#£s(n), so (s(m), H(y) £ (s(n), 1)
As (s(m), H(y)) # (s(n), y1), (s(m), H(y)) € R\{(s(n), y1)} = 5".
That is, when m #n, (m,y) € 8" = (s(m), H(y)) € S”.

If m=n, (m,y)=(n,y) so y=ax and therefore (s(m), H(y)) = (s(n), H(x)) € R. Since H(zx) # y1, we have
(s(m), H(y)) € 5"

Thus S” € Fy, which gives a contradiction. Hence (ii) is true for R so R is a function.

To prove uniqueness uppose R and R’ satisfy the conditions of the Theorem. We define the set
Ey:={neN:R,=R,}.

To show that R’ = R we show that Es = N. We use induction. We are given that 0 € Fy. If n € E,, then

R, = R,. But then R, = H(R])=H(Ry)= Ry;. Thus s(n) € E3, so E; =N andso R'=R.

Version Two of the Recursive Sequence Theorem

We also need a variation on the Recursive Sequence Theorem in order to “really” define such things as “summation”
notation. This time we will use n + 1 instead of s(n) in the proof.

(10) Recursive Sequence Theorem Two Let X be a non-empty set, and suppose that xo € X. Suppose also
that H : X x N — X 1is a function. Then there exists a unique sequence s:N — X such that sy = xo and such
that for all n € N, s,41 = H(sp, n).
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H:XxN— X Given y:N— X, want s:N — X such that sy =y and such that s,; = H(sp, n).

Proof of existence: Our objective is to construct a set s of ordered pairs that has the properties of a function
s : N — X. We will begin by using set—selector notation to select unimaginably many sets of ordered pairs! We
define a family Gy of subsets of N x X by

Go = {U 2N XX (0, y0) €U and (vneN)(vz € X)((n, 2) €U = (n+1, H(z, n)) € U)}.

In words, Gp is the family of all sets U of ordered pairs in Nx X such that (0, z9) € U and, whenever (n, z) € U,
then (n+ 1, H(z,n)) € U as well. Since N x X contains all possible ordered pairs of natural numbers n and
elements =z of X, N x X € Gyg. Thus Gy is a non-empty family of non-empty sets.

The set s of ordered pairs we want is the set of all ordered pairs that are in every one of the sets U € Gy. Before
we define the set s in detail, let’s check that it can “act” like a function. We define

Ep:={neN: thereexists = € X suchthat (n,z)eU forall U € Gy}.

Let us show that every natural number n isin FEy. This will show that when we form the set s of all ordered pairs
in Nx X that are in every U € Gy (we have a notation for this: s = ﬂ U), it will be true that for every n € N

UeGo
there exists x € X such that (n, ) € s. This is one of the requirements s must satisfy if s is to be a function

from N to X.

Proof that Ey = N: We will use induction. By our definition of Gy, (0, zg) € U for every U € Gy. Thus 0 € Ej.
Now we suppose that n € Ey. This means that there is some 2 € X such that (n, ) belongs to every U € Gy.
But (n, z) € U € Gy means that (n+ 1, H(z, n)) € U € Gg. Therefore, for every U € Gy, (n+ 1, H(z, n)) € U,
so n+ 1€ Ey. But then Ej satisfies the conditions in the Induction Axiom, so Ey = N.

Now we officially define the set s:

5= ﬂ U, the set of all ordered pairs (n, ) that are in every U € Gy.
Uego

(11) Exercise: Prove that s € Gy.
(12) Exercise: Prove that s is the smallest set in Gy.

To prove that s is (the graph of) a function with domain N and range X, we have to verify two things:

(i) For every m € N there exists € X such that (n, z) € s;
(ii) For all n in N and all z; and z2 in X, if (n,z1) € s and (n, 22) € s then z; = xs.

We already showed that (i) is true for s, because for every n € N, there is an & € X such that (n, z) € U for
every U € Gy. Therefore (n, z) € s.

To verify (ii) we might begin by supposing that (n, 1) € s and (n, z3) € s. We would then have to show that
1 = x2. We will do this, but by induction. We define
Ey:={neN: (Vo; € X)(Vaz € X)([(n, z1) € sA(n, 32) € 5| = 21 =22])}.

If we can show that FE; = N, this will show, for arbitrary n € N and arbitrary z; and z, in X, that whenever
(n, z1) € s and (n, x2) € s then z; = x2. In other words, n € F; means that the z such that (n,z)€s
is unique.

Proof that E; = N: We will use this idea: assume the contrary, and then construct sets in Gy that are strictly
smaller than s. Since s is the smallest set in Gy, this will give the desired contradictions.

By our definition of s, (0, zg) € s. If also (0, yo) € s and yo # zp, we construct a new set U’ := s\ {(0, yo)}.

Claim: the set U’ isin Gy. To prove the Claim, we take two steps, as follows.



Math 4606, Summer 2002: Inductive sets, N, the Peano “Axioms,” Recursive Sequences ver. 1 Page 8 of 13

First, (0, zo) € s, and, since g # yo, (0, x0) € s\ {(0, yo)} =U’. Thus (0, zo) € U".

Second, if (m, ) € U’ then (m, x) € s, so (m+1, H(x, m)) € s. Moreover, (m+1, H(xz, m)) # (0, yo) because
m+1 # 0 for any m. Therefore (m+1, H(z, m)) € s\{(0, yo)} = U’. Thus (m, z) € U' = (m+1, H(xz, m)) € U".

Therefore U’ € Gg. But U’ is s with one element removed, so U’ is strictly smaller than the smallest set in Gy.
This is a contradiction, so 0 € Ej.

We assume n € FE7, and seek to show that this implies n 4+ 1 € F;. Again we proceed by contradiction, assuming
that n+1 ¢ E;. Since n € Ey, (n,z) € s for a unique € X. Then (n+ 1, H(z, n)) € s. However, by our
assumtion of the contrary, there is also some y; € X such that y; # H(z,n) and (n+1,y;) € s as well. We
construct another set, U"” :=s\{(n+1, y1)}.

Our strategy again is to show that U” € Gy. As before, this will give a contradiction.

Once again, (0, x9) € U” because 0# n+1 for any natural number means that (0, z9) # (n + 1, y1).
Now we suppose that (m, y) € U”. Then (m, y) €s, so (m+1, H(y, m)) € s.

To show that (m + 1, H(y, m)) € U” we consider two cases: m #n and m = n.

If m #n, wehave m+1#n+1, so (m+1, H(y, n)) # (n+1, y1). Thus (m=+1, H(y, n)) € s\{(n+1, 1)} =U".
That is, when m #n, (m,y) €e U”" = (m+1, H(y, n)) € U".

Finally we have to deal with the case m = n. Here, (m, y) = (n, y) € s, so y = = (by uniqueness, because n € Ey)
and therefore (m+1, H(y, n)) = (n+1, H(z, n)) € s.

Since y1 # H(z,n), (m+1, H(y, n) = (n+1, H(z, 1)) # (n+1, ga).
Hence (m+1, H(y,n)) = (n+1, H(z, n)) € U”. Thus U” € Gy, which gives a contradiction. We have proved
that n+1 € Ey, so E; = N. Hence (ii) is true for s so s is a function.

Proof of uniqueness: Suppose s and s’ satisfy the conditions of the Theorem. That is, sg = z¢ = s, and for all
neN, s,i1=H(sy, n) and s, = H(s;,, n). We define the set
Ey:={neN:s,=s,}.

To show that s’ = s all we have to do is show that Ey = N. We use induction. We are given that 0 € F,. If
n € Ey, then s, = s,. But then s, = H(s],, n) = H(sp, n) = s,41. The second equality is by Uubstitution.

The first and third equalities are given. Thus n+1 € Es, so F; =N and so s = s.

This completes the proof of Recursive Sequence Theorem Two.

Examples
(13) With X = R and H(t) = xt, Recursive Sequence Theorem One, with xy = 1, gives the sequence {z"},
namely 1, z, 22, 23, ..., 2", ... of powers of z, or z, = x".

(14) Suppose we are given a sequence {z,} of real numbers. With X =R, sy = 29 and H(z,n) = z + z,
Recursive Sequence Theorem Two gives the sequence {s,} of itspartial sums of {z,}:

n
S0 =Tp; S1 =S+ T1 = X9+ T1; So = 81+ To = x9 + 1 + T2; ... we usually write g xp for s,.
k=0

(15) Prove that for all natural numbers n, n < 2". Note: 2" is actually defined inductively! We put 2° :=1, and
for arbitrary n € N we define 2"*!:=2.2",

Proof: We will use induction. We let P(n) denote the assertion “n < 2m.” Then 0<1=2° so P(0). (Now we
suppose that n € N is arbitrary.) If P(n), then n <2" so n+1<n+n < 2"+ 2" = 2" Here, we have used
Exercise (5) and manipulations that we take for granted. That is, P(n) = P(n+1) is true for arbitrary n € N, as
desired.
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(16) Prove that for all natural numbers n > 2, n < 2(®=Y — 1. Here we have a problem: what is our statement
P(n) going to be? Here is one (messy) way to cope: we let P(n) denote the statement “n >2 = n <20=1 17
You should verify that “n < 2(*=1 — 17 js false for n =1 and n = 2, but true for n = 3. With this version of
P(n), P(1) and P(2) are true “vacuously,” because the antecedent is false in each case. (In a statement of the
form A= B, A is called the “antecedent,” and B is called the “consequent.”) When n =3, “n > 2" is true,
so the only way P(3) can be true is for “n < 2"~ —1” to be true when n = 3. You have checked that it is, so
now we assume that m >3 and that P(m) is true. Thus “m > 2 = m < o(m=1) _ 17 g true, and m > 3. We
deduce that “m < 2(m=1) _ 17 ig true, and we need to show that “m + 1 < 2" — 1” is therefore true in order for
P(m+1) to be true (again, because m+1>m > 3). Since m < 2™~ — 1, we know m+1 < (2m=D — 1) + 1.
Since 2(m+N=1 = gm — 9(m=1) 4 2(m=1) e have 2(m=1 =2m —20m=1) and so

(17) m+1< (2” —9(m=1) _ 1) +1= (2<m+1>—1 - 1) - (2“”‘” - 1) .

We apply “m < 2(m=1 — 1" once more, and multiply through by —1: —(20"~D —1) < —m < -3 < 0. We
substitute the inequality — (Z(m_l) —1) <0 into (8), ignoring intermediate terms, and find that

(18) m41< (2(m+1)—1 - 1) - (2<m—1) - 1) < om+1)-1 _q,

We have thus shown, for an arbitrary m € N, that P(m) is true. Thus, if n > 2, n < 2D — 1. We actually
showed more (can you see why? say why?):

n>2=n<20"Y 1 and n>3=n<27D 1.

(19) Prove that for all natural numbers n > 3, n? < 2". Again we have the problem of the few “exceptional” values
of n at the beginning of N. What we can do is to extend the definition of “inductive set.” Given n, € N, we say
that a set S is an “inductive set starting at n,” if n, € S and, for all n € S, we know that n+1 € S. Now we
can start our induction at n,, and avoid the smaller values of n.

In the problem at hand, we let P(n) denote the statement “n? <2".” We take n, = 4. Then n2 =16 = 2", so
P(4) is true. Now we assume P(n) for some n > n,. We want to show P(n + 1), namely “(n 4 1) < 2(»+1)>
We start on the left and try to arrive at the right, using intermediate quantities that are only allowed to increase
relative to the quantities on their left:

(n+1)2=n*+2n+1
<2"+2n+1 (by P(n))
<2"+2(2" ' ~1)+1 (by Example 2.)
=2" 42" —2+1 (“arithmetic”)
=ontl 1 < ontl

Thus P(n) for all n > 4. Again, we have shown more: when n > 4, the inequality is strict.

4
(20) Prove that for all natural numbers n > 15, n* < 2". Our desired result can be rewritten “Z—n <1 for n> 15"
4
We can approach this in two steps: Prove that if we define z,, := ;l—n
(ii) x16 = 1. We will then have x,, < 16 =1 if n > 15. There are two common methods we might use to show
that {x,} is a decreasing sequence. The first is to show that z, — z,+1 > 0 for all n > 15. The other common

method is to show that z14 =1 and Lntl <1 for all n>15.
Tn

, then (i) {x,} is a decreasing sequence, and

First common method:
nt  (n+1)* 2n*—(n+1)*
on ~ o(ntl) 9(n+1)

Tn — Tp+1 =
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Since the denominator is positive, all we need to do is show that the numerator is non-negative for n > 15. We
notice that n* < n’ if n > 1 and k < ¢, both being natural numbers. Do we need induction for that? Now our
numerator is

nt—4n® —6n? —4n—1>n* =153 >n* —nt =0, if n>15.

Thus {z,} is a decreasing sequence for n > 15. Next we look at zi6:

16" (2Y)*
P16 = 516 = 916 b

Once more we have proved more: z, <1 if n > 16, and x5 = 1.

Second common method:

n

Ty 2n4 2

Topr  (n+1)* 1 (1+ 1)4

The quantity (1 + %)4 is easily shown to decrease (can you show it?). Thus all we have to do is compute % (1 + %)4
and hope that it’s at most 1. The size estimation can be done easily even without a calculator. It is, for example,
definitely less than 7/10.

Some obvious properties of N that have to be proved

(21) Theorem: Forall n€N, if n>1 then n—1¢€N.

Proof: This proof is not at all obvious! We will use a “construction” in the proof that will be useful later as well,
so we begin by defining the construction, then stste and prove a Lemma that asserts the useful property of the
construction.

(22) Definition: If S C R, we define a set 7(S) by

7(S):={0}U(S+1), where S+1:={y+1:yecS}={zcR:(FyeS)(zr=y+1)}

There are actually two definitions here; S + 1 is called the translation of S to the right by 1. Here translation
means “change in location;” everything in S is moved to the right by 1 to form the new set S + 1.

(23) Lemma: If S is an inductive set, so is 7(5).
Proof: There is a missing quantifier in the ststement of the Lemma!

By construction, 0 € 7(S). Since 0 € S, the number 1 =04+1¢€ S+ 1C 7(S). Thus, if z € 7(S) and =z =0,
then x +1 € 7(5). If z € 7(S) and = # 0, then x € S+ 1, so there exists y € S such that x =y + 1. Thus
x=y+1€S because S is an inductive set. Thus by construction z+1 € S+1 C 7(S). This completes the proof
that 7(S5) is an inductive set.

We can now return to the proof of (21). Since N is an inductive set, so is 7(N), by (23). But 1 € N, and
for all n € N, n+1 € N since N is an inductive set. Moreover, by construction, n —|— 1e (N+ 1). Therefore
N+1CNC T(N). Hence 7(N) is an inductive set that is contained in N. By Theorem (6), 7(N) =

Now we can prove that if n» € N and n > 1 then n € N. For then n € 7(N) but n# 1, so n € (N+1). This
means that there exists m € N such that n=m+1, so n—1=m € N!

(24) Remark: The set S; defined earlier to be {0} U[l, +00) can be expressed as 7([0, +00)). Since [0, +00)
is an inductive set, so is S;. Thus N C S;. Now S; N (1, 2) = @, by inspection. What this means in words is
that there are no natural numbers strictly between 1 and 2, another obvious property of N that requires
proof! And we just proved it.

A natural question now arises: what about the non-existence of natural numbers between n and n+1, for arbitrary
n € N?

To answer this question in the affirmative let us construct a sequence of sets that will help.
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(25) Definition: Let Sp:=[1, +00). For all n € N, if S, is defined, let Sy41 := 7(Sp).

Does this make sense? Does this really define a set S,, for every n € N? We use Recursion Theorem One here, to
produce a sequence {S,} of sets. With X = oR H(x) = 7(x) (here, z stands for a set!) and zo = Sy we get
the sequence we want.

(26) Exercise: Prove that each S, is an inductive set.
(27) Theorem: Forall n€N, S,N(n,n+1)=40.

Proof: Let us use Mathematical Induction. We can let P(n) be the statement “S, N (n, n+1)=0." We showed
in Remark (24) that P(1).

If P(n) we consider the set
Spr1N(n+1,n+2)={1}U[S,+1])N(n+1,n+2).

This has the form (AU B)NC, and we know that (AUB)NC =(ANC)U(BNC), so

Spr1N(n+1L,n+2)=({1}Nnn+1,n+2)U(([Spn+1]N(n+1, n+2)
=QU([S,+1N(n+1,n+2)) because 1¢ (n+1, n+2)
=[S, +1]N[(n, n+ 1)+ 1] by inspection
=[S, N(n,n+1)]+1 explained below
=0+ 1=0. explained below
The next-to-last equation has the form (A+1)N(B+1)=(ANB)+1, where A and B are sets of real numbers.
The expression on the left-hand side is, in set selector notation, {zr € R: (Jy € A)(x =y+1)A(Fz € B)(x = z+1)}.

Thus z € (A+1)N(B+1)=y+1=2=2+1 forsome y € A and some z € B. By additive cancellation
y=z€ANB, so zr=y+1=z+1€(ANB)+ 1

Thus the left-hand set is contained in the right-hand set. You should “do” the proof that the right-hand set is
contained in the left-hand set yourself, right now!

To explain the last equation we write the meaning of () + 1 in set selector notation:
d+1={zeR:(FyeR)(yed)A(z=y+1)]}

Since y € @ is false for every y € R, there are no x € R that satisfy the criterion for membership in the set, so

the set is empty.

Now Spy1N(n+1,n+2)=10, whichis P(n+ 1), and the proof of Theorem (27) is done.

Theorem (27) will enable us to prove another obvious property of N: for all n € N, there are no natural
numbers between n and n + 1.

(28) Theorem: Forall neN, NN(n,n+1)=0.

Proof: In Exercise (26) you proved that each set S,, is inductive. Thus N C §,, for every n € N. Then (another
set calculation is used here) NN (n, n+1) C S, N(n, n+ 1) = 0. This completes the proof.

The next Theorem, a generalization of Theorem (21), proves another obvious property of N.
(29) Theorem: Forall meN, forall neN, m<n=n—-méeN.

Proof: Welet P(m) denote “(Vn € N)(m <n = n—m €N).” By Theorem (10), P(1). Given P(m) we consider
P(m+1):
(VneN)(m+1l<n=n—-(m+1)eN).

We now regard m as a constant and consider the statements Q(n) tobe “m+1<n=n—(m+1) € N If
n<m+1 then Q(n) is true vacuously. We now assume that n > m + 1 in what follows. Now Q(n) is not true
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vacuously; by the truth table for implication we have to show that n — (m +1) € N in order to show that Q(n) is
true when n > m 4+ 1. But then n > m by the transitivity of inequality, so by P(m) we know that n —m € N.
Then, since n —m > 1, by Theorem (21) (n—m)—1€ N. Since (n—m)—1=mn— (m+1) we have shown that
P(m+1) is true. By Mathematical Induction, Theorem (29) follows.

Please notice that in this proof, the statements @(n) were not proved by induction. They were just used as
convenient nicknames. In the next Theorem we prove an obvious property of increasing sequences.

(30) Theorem: Let {z,} be an increasing sequence. For all m € N, for all n € N, m <n =z, < x,.

Proof: We denote by P(m) the statement “(Vn € N)(m <n =z, <z,).” For m a constant, a fixed element of
N, we let Q(n) denote “m <n = z,, <z,.” The statements Q(n) in P(m) are vacuously true for n < m, and
true by inspection for n = m. Now we suppose Q(n) for some positive integer n > m. Since m < n, we have to
show that Q(n+ 1) is true. But z,, < x,, < 2,41, the first inequality true by Q(n) and the second true by the
definition of increasing sequence. Thus (Vn € N)@Q(n). Thus P(m) is true for arbitrary m € N, QED.

Positive integers and “how many;” Well-Ordering; finite and infinite sets

You brought with you to class the idea of using natural numbers to express “how many” elements a set has. This
idea is not mentioned in the axioms, so it needs to to be connected to them. We will define a sequence of sets, {F,},
that will serve as “models” for sets with n elements. We must not forget the empty set!

(31) Exercise: State and prove the Principle of Mathematical Induction for statements P(n), n € Z*.

The following Definition specifies the sets F;,, defines the mathematical meanings of “finite set,” “infinite set” and
“the number of elements in a finite set,” all in terms of the sets F),. The definition uses functions of a certain type,
called “one-to-one correspondences.” You may be familiar with these terms. If not, they are explained after the
Definition, along with some other terms related to functions, that will be used later as well as now.

(32) Definition: For n € N, we set F,, :={m € N:m < n}, and we say that a set X is finite if there exists
n € N and a function h: X — F,, that is one-to-one and onto, and we say that X has n elements. A set X is
infinite if it is not finite. We notice that Fy = (.

As review, we say (32.1) that a function f: X — Y is one-to-one, or injective, if
for all 1 and xo in X, f(z1)= f(z2) = x1 = w2,
and (32.2) that a function f: X — Y is onto, or surjective, if
for all y in Y, there exists € X such that f(z) =y.
We say (32.3) that a function f:X — Y is a one-to-one correspondence, or a bijection, if
f is one-to-one and onto.
There are certain sets associated with functions.

(33)If f: X —Y, wesay X is the domain (space) of f and Y is the range (space) of f (we usually omit the
word “space”).

(B4 If f: X =Y, and E C X, we define the image of E under f to be the set

fB):={f(x):zeE} ={yeY:(Fr e X)ly = f(2)]}.

In words, f(E) is the set of all the values f(x) as x “runs through” E. Some authors call f(X) the “range” of
the function f. We will call f(X) the “image” of f. For example, if X = R =Y and f(x) = 22, the domain
and range of f are both R. But the image of f, the set f(X), is the set [0, co) (another obvious thing not yet
proved!). This function is neither one-to-one nor onto. However, if we replace R by [0, co) the new version of f
is a one-to-one correspondence (not yet proved).

(B If f: X =Y, and S CY, we define the inverse image of S under f to be the set

Y8 ={zecX: f(x)e S}
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In words, f~!(S) is the set of all the z € X that are carried into S. An important way to put this is that f~1(S)

is the set of all solutions z of the equations f(z) =y, where y € S. In the example f:R — R where f(z)= 22,

F71({—1}) =0 because the equation z? = —1 has no real solutions.

We note that E — f(E) is a function with domain 2% and range 2¥, while S — f~1(S) is a function with
domain 2Y and range 2X. The inverse image is the more useful function.

The notation f~! is also used to denote an inverse function. This happens when f : X — Y is a one-to-one
correspondence. Then, for every element y € Y, there is a unique x € X that solves the equation f(z) =1y. We
then write f~!(y) = z. The inverse function “undoes” what f does. An example is the function f(z) = z? with
domain and range [0, +00). Here f~1(y) = VY- We have not yet proved that “square root” makes sense!

The sets in Definition (32) are well-defined, by set-selector notation. But saying that “a set has n elements” is not
necessarily meaningful! We have to prove that no two of the sets F,, and F,, have n elements, say, unless m = n.
This amounts to showing that if m # n and both belong to N, then there exists no function h : F;, — F,, that is
a one-to-one correspondence.

Before we do that, we’ll use the sets F,, for another purpose.

A set X with an order < is well-ordered if every non-empty subset F of X has a least element. If X is R with
the usual order < there exists sets (such as (0, +00)) that have no least element, so R, < is not well-ordered.
However, N is well-ordered. This is what the next Theorem is about.

(35) Theorem: Every non-empty subset of N has a least element.

Proof: Suppose that E C N is non-empty but that E has no least element. Let’s define the set
S:={neN:F,.1NE=0}

Since N has least element 0, by Exercise (5), 0 ¢ E. Thus {0}NE = 0. Since F» ={0, 1}, Fi41 NN =0. Thus
1 € S. Now suppose n € S. This means that

f=F,1NE={meN:m<n}NE.

If it were true that n+ 1 € E, then n+ 1 would be the least element of E and we have assumed that E does
not have a least element. Hence n+ 1 ¢ E, so that

{meN:m<n+1}NE=0=F,.2NE,

so n+1€S ansso S is an inductive set contained in N. By Theorem (6), S = N. But then E must be empty.
This is a contradiction, and the proof is complete. Note: many small steps were left out of this argument!



