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To consider the size of a set, the most important thing is about functions. If f : A — B
is a function, the following properties are elementary:

1 (One-to-one). Supposely that whenever f(x) = f(y), it follows that x =y, then the function
f is called one-to-one from A to B.

2 (Onto). Supposely that for each b € B, there is an a € A such that f(a) = b, then this
function f is called from A onto B.

3. An Injection (injective function) is an one-to-one function; a surjection (surjective function)
is an onto function; a bijection (bijective function) is an injective and surjective function.

4 (Equinumerosity). The sets A, B are called equinumerous (of the same cardinality), denoted
by A =~ B, if there is a bijection from A to B; A < B (of (weakly) less cardinality than) if
there is an injection from A to B. A < B (of strickly less cardinality than) if A < B but
A % B. Sometimes, equinumerous is replaced by equipotent.

1 Bijections

Now I think it is necessary to verify that if those elementary functions are one-to-one and
onto between each pair of given sets.

5. f: R — R with f(z) = wx is one-to-one and onto because,
(i) For x,y € R, if f(x) = f(y), i.e. mx =y, then x =y immediately.
(ii) For yo € R, choose x = L. Then f(x) = m- L = y,.

6. g: Rt = R, 2 — 22 is a bijective.

(i) Fora,b € RT, if a®> = b* then (a —b)(a+b) = 0. Because a+b # 0, we obtain a—b =0,
i.e. a =b.

(ii) For by € RT, we choose a = \/by. Then g(a) = (v/by)? = by.

Hence, g is bijective.



7. The function u(z) = 23 in R is one-to-one and onto.

Proof. For y € R, choose z = /y. This implies that u is onto. If x,y € R such that x® =3
Then consider

0=2—y"=(z—y)(@" +zy+y°)

1
~ =) (o 507+ 30°)
If (z—y) ((z+3y)*+24?) =0, thenz =y. (=0). If (z —y) ((z + 2y)? + 3y?) # 0, then
x —y = 0. Hence u is one-to-one. 0

Another way to show ”one-to-one” is that we have several cases according as x>0, x = 0,
or <0 and, y>0, y = 0, or y<0. For example, if z,y both >0 (<0) then z* + zy + y*>0.
Hence 23 — y® = 0 implies z = y.

This division inspires us a helpful property.

8. IfANB=CND=g,and f: AUB—CUD is
(i) one-to-one from A onto C and
(ii) one-to-one from B onto D,

then f is a bijection.
This is a trivial statement, so we omit the proof.

Still another example is a trigonometric function.
9. Show that G(x) = sinx, where x € (=7, 5) is one-to-one from (=5, %) to (—1,1).
Proof.

(one-to-one) If z,y € (-7, §) such that G(z) = G(y). Then

: . THYy\ . [Ty
0 =sinz — siny = 2 cos — sin — )

Since ¥ € (=%, 2), cos () # 0, it follows that

2
—7) =0
Sln( B )

Hence x = y.
(onto) Let K € (—1,1). Since

(i) G(z) = sinx is continuous in [—7, 7].
(ii) sin(—5) = —1, sin(§) = 1.

(i) —1<K<1.



Intermediate Value Theorem hence tell us that there is a ¢ € (=7, §) such that

G(c) =sinc = K.

Exercise 1. Check tanx is a bijection from (-5, %) — R.

2 Some Properties and Number Systems

Next, our purpose is to show that N~ Z ~ Q <R ~ C.

2.1 Nand Z
10. N= Z
Proof. We ought to find a bijection. Let

o if n is even;

(1)

”T’l, otherwise.
Then it is routine to show bijectivity.

For even natural numbers x, y, if f(z) = f(y),i.e. § =%, then x = y. Next, for p € Z, p>0,
we find that f(2p) = 2 = p; For odd natural numbers z,y, if f(z) = f(y), i.e. =5t = -1

then = = y. Similarly, if p € Z, p < 0, then f(—2p+ 1) = —% = p. By previous

example, f is bijective. O]

2.2 N and Fractions

For the goal of the fact that Z ~ Q, we need quite a few effort. Firstly, we embed a significant
property into our discussion.

11. Let A be an index set. Given [ : UjenA; — U;eaCj, if for any j € A, f is one-to-one
from A; onto Cj, then f is one-to-one and onto.

Note that the notation L;cpaS; means disjoint union. If the sets S;’s are pairwise disjoint,
we write UjeaS; for their union instead.

The statement is useful in the following property, by which we will show that N ~ Q.
12. N~ N x N.
Proof. Define

n=

0, ifn<0,n €%
14243+---+n, ifneN,



Let p(m,n) = m—+n —2+m. We're going to show that p gives a bijection from N x N to
N. If m +n =k € N, we hope to verify that f is bijective from

Ag:={(m,n) : m+n==k}

to

—

Cr:=(k—=2k—1]NN.
Let k be given.
(1) For (m,n) € Ay = {{1,k—1), (2,k—=2), --- (k—1,1)},

—_—

k—2:m+n—2<p(m,n):mfn\—2+m
—k—2+m<k-2+(k-1)=Fk—1
This means p maps A;, into Cy.

(2) Let (m1,n1), (m2,n2) € Ay. Suppose that p((m1,n1)) = p((mz, n2)), then

—_— e~

k:—2+m1 :k—2+m2
So my = ms, and ny = ng. This indicates, that f is one-to-one from Ay to Cj.

(3) Let N € C. Denote
N=k—-2+j

Choose (m,n) = (j,k — j). Then p(m,n) = N.

—_——

Since N x N = U* ,Ap, N = L2, <(k —-2,k—2|nN N), which satisfies all conditions of
previous example. Hence p is bijective. O

Our next mission is that QT < N x N. Since we already have N < Q, we’ll show that
N~ Q.

13. Qt < N x N because, we may choose f: QT — N x N by

f(]%) =(¢,p)  withgcd(p,q) =1,
1.6.
F={ %,(a,b) ViabeN, ged(a,b) = 1}
LN ( r m ) form,n € N.

m ged(n,m)’ ged(n, m)

To show that f is injective, given ™ 2 € QF such that ged(my,ny) = ged(ma,n2) = 1 and

ni’ ng

fOE) = f(52). Since (m1,n1) = (ma, na), it follows that my =my and ny = ns.
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2.3 Fractions to Q" and Q
14. f BN, ACB, and N=< A, then A~ N.
Proof. Denote

B:{bhb%...}

Then we hope to construct a sequence representing A, i.e. A= {y1,y2,--- }.
Let ny be the smallest integer n such that b, € A, and write Ay = A\ {n}.
Let ny be the smallest integer n>n; such that b, € Ay, and write Ay = A; \ {na}.
Let n3 be the smallest integer n>ny such that b, € Ay, and write A3 = Ay \ {n3}.

The process can repeat permanently because N < A; for all j € N (Why?). Since A; # @,
nj4+1 can be chosen (from A;). Next, to show

A= DBy:={bn,,bny, -}

By C A is trivial. Let a € A C B. Then a = b, for some m € N. Because 1 < nj<ng,<---,
we know m € (n;,nj1]. It follows that a = b,,,,. Hence A C By. Therefore A = By, and
then A ~ N. [l

The following two propositions are prepared for the third proposition.

15. If A < C, then A~ B for some B C C. The reason is that, if f is one-to-one from A to
C, then f is from A onto B := f(A) C C.

16. If A < By and By = B,, then A < By. We derive this as follow: If f is one-to-one from
A to By and g is a bijection from By to Bs, then go f is injective from A to Bs.

17. N~ Q.

Proof. We know that Qt < N x N. Then Qt &~ N for some N C N x N. The result is
immediate from preceding examples. O]

18. We can now show equinumerosity between Z and Q. Since we already have a one-to-one
function f from N onto QT. Let F : Z — Q, by

f(x), ifneN;
F(z)= 40, ifx=0; (3)
—f(=xz), ifxe —N.

Then F' is bijective.



24 Qand R

We're going to show a more astonishing property, that Q contains (strictly) less elements than
R. Before reaching a precise proof, we need some preparation.

19. [f A=~ B, B~ C, then A~ C. A simple proof is: Suppose that f, g are bijections between
A, B and C. Then go f is bijective from A to C.

20. RT = R because, the functions f(x) := e* and

e+l dfr>0;
g@)_{ﬁ, if £<0. 4)

are one-to-one from R to RT.
21. N < R*.

Proof. Tt’s clear that N < R*. Assume that R™ = {fy, f1, f2, - - }, written in a sequence. We
list the elements below in decimal expression.

fO = fOO-f01f02f03f04' o
fl = flO-f11f12f13f14' e
f2 = f20‘f21f22f23f24' o
f3 = f30-f31f32f33f34' o

The main idea is to construct a decimal number which is none of the f;’s. Denote foo =

foo0-foor foo2 foos - - -, Where

7, lf fjj = 3;
of = 5
Jocs {3, Otherwise. (5)

Then fo, € R*. It is some fi, but foor # fex, a contradiction. Hence N % RT. This means
N < R*. O

22. We can now show that Q < R. It’s well-known that Q < R. Assume that Q ~ R. Since
N~ Q and R ~R", it follows that N ~ R", a contradiction.

25 RtoC

The last thing we hope to verify is that R ~ C. Similarly as before, for convenience, we divid
it into several parts.

23. (0,1) ~ (0,1) x (0,1).

To give a precise proof, we need the help of Schroder-Bernstein Theorem, i.e. if A < B
and B < A then A =~ B.



Proof. The map x — (, 3) is an injection. Define f: (0,1) x (0,1) — (0,1) by
(a, b) = (O.a1a2a3 cee 0.b1b2b3 S ) — O.alblagbzagbg s

where none of a, b has consecutive 9’s, i.e. neither a nor b is in the form 0.dydy - - - d;9999 - - - .
Then if a = 0.ajay -+, b=0.byby- -+, ¢ = 0.cico- -+ and d = 0.dydy - - - are such that f(a,b) =
f(e,d), we write

O.alblagbg ce = O.CldlCQdQ tee

According to uniqueness of decimal expression, it follows that a; = ¢; and b; = d;. Hence f
is an injection. The property is then proved by Schroder-Bernstein Theorem. O

Note that the function f is not onto. In fact, we can find no pair mapping to the number
0.010191919191 - - - in (0, 1), hence we need to show double injectivity.
The following is a slight modification to our final goal.

24. For (a,b) C R, (a,b) ~ (0,1). The map can be chosen as f(x) = (b—a)x + a.

25. (0,1) = R. A bijection between them can be chosen as

x
@) =137
from R onto (—1,1) or
g(r) = tanz

from (=%, %) to R,
26. (0,1) x (0,1) ~ R x R.
Proof. Let f:(0,1) — R be bijective. Then
F(a,b) = (f(a), f(b)) on(0,1) x(0,1)
is a bijection that we desire. O
27. Since R ~ (0,1), (0,1) =~ (0,1)x(0,1), (0,1)x(0,1) ~ RxR, we conclude that R ~ RxR.

28. R x R =~ C, because we have the function k(x,y) = x + iy. Therefore we obtain the final
equinumerosity

R~ C.



3 Countable and Uncountable Infinities

Although we’ve shown that the five basic sets N,Z,Q, R, C have only 2 levels about their
amounts of elements, yet we even have no idea about what an infinite set really is. Our
intuition might tell us that a finite set must contain some n elements. That means, it must
be equinumerous to some standard set which we consider to have n elements. In the following
discussion, this standard set will naturally be chosen as I, := {1,2,3,--- ,n}.

Except for the notion of an infinite set, we have another notion called countable sets. The
difference from countability depends on whether the given set can be listed in a (finite of
infinite) sequence.

29. We now make a convention that W means the whole number set. i.e. W = N U {0}.
Define I, := {1,2,--- ,n} ={k e N : 1 <k <n}, and Iy = &, for convenience of later
consideration.

30. A set S is called finite if S ~ I, for some n € W. If S is not finite, then S is called

infinite. Note that the "new” notion leads to no contradiction about what are discussed before
because we did not mention the word “infinite” previously.

31. A set K is called countable if all elements of K are in a (finite or infinite) sequence, i.e.
if K = I, for somen € W or K = N. In the later case, K is also called denumerable. So K 1is
countable if K is either finite or denumerable. If K is not countable, we say K is uncountable.

There are many "trivial” statements concerning infinite sets, but not all of them is easy
to prove.

32. If S is an infinite set, and T C S, then either T or S\ T is infinite.

Proof. Assume that S and S\ T are both finite. Let f : 1, - S and g : I, — S\ T be
bijections. Then define ¢ : I,,,1, — S as follow:

f(z), ifr=1,2,3---,n;
p(x) = . (6)
glx—n), fz=n+1n+2,--- ,n+m.

Then ¢ is one-to-one from I, onto S, a contradiction to the fact that S is infinite. O

33. The union of a finite set and a denumerable set is denumerable because, if the finite set is
expressed as {ay, as, - -+ ,a,} while the other {by, by, - - - }, then the union {ay, - ,a,, by, by, -+ }
is equinumerous to a subset (why not exactly ?) of {{a,1),---{a,n), (b,1),(b,2),---}. More-
over, N < the union, we conclude that N is equinumerous to the union.

34. The disjoint union of two denumerable sets are denumerable. Therefore, the disjoint union
of n denumerable sets are also denumerable.

Proof. 1t easy to check that N is equinumerous to 2N and 2N+1 (We define 2N = {2,4,6,8,---}
and 2N+1 = {1,3,5,--- }.). Let A, B be two disjoint sets. Choose f : 2N — A ¢g:2N+1 —» B
as bijections. Define G : N — AU B by

f(z), if z is even;
G(x) = L (7)
g(x), if zis odd.
Then G shows that AU B is denumerable. O



35. How about the union of n denumerable sets?
How about a denumerable union of denumerable sets?

For the second assertion, we need some observation.
36. The denumerable union of pairwise disjoint denumerable sets are denumerable.

Proof. Denote these sets by S, Ss, -+, where

S = {811, 512, 513, * - }
Sy = {821, 522, 523, * }

Ss = {31,532, 533, - - }

are their elements. Then the mapping (i, j) < s;; is bijective. Hence N ~ |J,, o Sn- O
37. A set S is countable if and only if S < N.

Proof. 1f S is denumerable, then S ~ N and hence S < N. If S if finite, then S < N because
I, < N. Conversly, Let f be one-to-one from S into N. Let 7" = I'm(f). Then

(a) If T contains no maximum, then N < 7" (why?). Since 7" C N, we obtain that N ~ 7.
Since f is onto T, it follows that S ~ T.

(b) If T contains a maximum, say no € N. Then 7" C I,,. Hence T is equinumerous to
some I, (why? This might be proved by induction.). Similarly, the assertion is proved
by S~T =~ I,,.

O

38. The denumerable union of pairwise disjoint countable sets are countable.



