Some Basic Notations Of Set Theory

References
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wish the reader can get more.

1. Set Theory and Related Topics by Seymour Lipschutz.
2. Set Theory by Charles C. Pinter.

3. Theory of sets by Kamke.

4. Naive set by Halmos.

2.1 Prove Theorem 2.2. Hint. (a,b) = (¢,d) means {{a},{a,b}} =
{{c},{c,d}}. Now appeal to the definition of set equality.

Proof: (<) It is trivial.
(=) Suppose that (a,b) = (¢, d) , it means that {{a}, {a,b}} = {{c},{c,d}}.
It implies that

{a} € {{c}, {c,d}} and {a,b} € {{c},{c, d}}.

So, if a # ¢, then {a} = {c,d} . It implies that ¢ € {a} which is impossible.
Hence, a = c. Similarly, we have b = d.

2.2 Let S be a relation and let D (S) be its domain. The relation S is
said to be

(i) reflexive if a € D (S) implies (a,a) € 5,

(ii) symmetric if (a,b) € S implies (b,a) € S,

(iii) transitive if (a,b) € S and (b, c¢) € S implies (a,c) € S.

A relation which is symmetric, reflexive, and transitive is called an equiv-
alence relation. Determine which of these properties is possessed by .S, if S
is the set of all pairs of real numbers (x,y) such that

(a) z <y

Proof: Write S = {(z,y) : * <y}, then we check that (i) reflexive, (ii)
symmetric, and (iii) transitive as follows. It is clear that D (S) = R.
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(i) Since x < z, (x,z) € S. That is, S is reflexive.

(ii) If (z,y) € S, ie., v < gy, then y < x. So, (y,x) € S. That is, S is
symmetric.

(iii) If (x,y) € S and (y,2) € S, ie, x <y and y < z, then < 2. So,
(x,2) € S. That is, S is transitive.

(b) z <y

Proof: Write S = {(z,y) : * <y}, then we check that (i) reflexive, (ii)
symmetric, and (iii) transitive as follows. It is clear that D (S) = R.

(i) It is clear that for any real z, we cannot have z < x. So, S is not
reflexive.

(ii) It is clear that for any real x, and y, we cannot have r < y and y < x
at the same time. So, S is not symmetric.

(iii) If (z,y) € S and (y,z) € S, then 2 < y and y < z. So, z < z wich
implies (x, z) € S. That is, S is transitive.

(c) <yl

Proof: Write S = {(z,y) : x < |y|}, then we check that (i) reflexive, (ii)
symmetric, and (iii) transitive as follows. It is clear that D (S) = R.

(i) Since it is impossible for 0 < |0], S is not reflexive.

(ii) Since (—1,2) € S but (2,—1) ¢ S, S is not symmetric.

(iii) Since (0, —1) € S and (—1,0) € S, but (0,0) ¢ S, S is not transitive.

(d) 2 +y* =1

Proof: Write S = {(x,y) : 22 + y* = 1}, then we check that (i) reflexive,
(ii) symmetric, and (iii) transitive as follows. It is clear that D (S) = [—1,1],
an closed interval with endpoints, —1 and 1.

(i) Since 1 € D (S), and it is impossible for (1,1) € S by 12+ 12 #1, S
is not reflexive.

(i) If (z,y) € S, then 22 +y* = 1. So, (y,z) € S. That is, S is symmetric.

(iii) Since (1,0) € S and (0,1) € S, but (1,1) ¢ S, S is not transitive.

(e) x> +y* <0

Proof: Write S = {(z,y) : 2> + y*> < 1} = ¢, then S automatically sat-
isfies (i) reflexive, (ii) symmetric, and (iii) transitive.

() 22 + 2=y’ +y

Proof: Write S = {(z,y) : 2*+z =9’ +y} = {(2,y) : (x —y) (x +y — 1) =0},
then we check that (i) reflexive, (ii) symmetric, and (iii) transitive as follows.
It is clear that D (S) = R.



(i) If x € R, it is clear that (z,x) € S. So, S is reflexive.

(ii) If (z,y) € S, it is clear that (y,z) € S. So, S is symmetric.

(iii) If (z,y) € S and (y,z) € S, it is clear that (z,z) € S. So, S is
transitive.

2.3 The following functions F' and G are defined for all real x by the
equations given. In each case where the composite function G o F' can be
formed, give the domain of Go F' and a formula (or formulas) for (G o F) (z) .

(a) F(z)=1—z,G(z) =2*+ 2z
Proof: Write

GoF(z)=G[F(z)]=G[l—z]=(1-2)42(1—2)=2>—4z+ 3.

It is clear that the domain of G o F' () is R.
(b) F(z)=x+5,G(z)=|z|/xif 2 #£0, G(0) =0.
Proof: Write

G(x+5) =12l if £ 5,

z+5

GoF(x)IG[F(xﬂ:{ 0if o = —5.

It is clear that the domain of G o F' () is R.

2z, if 0 <z <1 - 22, if0<z<1
(c) F(x) = { 1, otherwise, () = { 0, otherwise.
Proof: Write

4a*if w € [0,1/2]
GoF(x)=G[F(x)] = 0if x € (1/2,1]
lifz € R—10,1]
It is clear that the domain of G o F' () is R.
Find F (z) if G (x) and G [F (z)] are given as follows:
(d) G(x) =2 GI[F (x)] = 2> — 32® + 3z — 1.

Proof: With help of (z —1)® = 23 — 322 4+ 3z — 1, it is easy to know
that F'(x) = 1 — . In addition, there is not other function H (x) such that
G|H (z)] = 2% — 32 + 3z — 1 since G (z) = 27 is 1-1.

(e) G(x) =3+ x+ 22 G[F(z)]=2*—3x+5.

3



Proof: Write G (z) = (z + %)2 + &, then

GF (z)] = <F(x)+%) +1741:x2—3x+5

which implies that
(2F (z) +1)* = (22 — 3)°

which implies that
F(x)=2—-2o0r —x+ 1.

2.4 Given three functions F, G, H, what restrictions must be placed on
their domains so that the following four composite functions can be defined?

GoF, HoG, Ho(GoF), (HoG)oF.

Proof: It is clear for answers,

R(F)C D(G) and R(G) C D (H).

Assuming that H o (Go F) and (H o G) o F' can be defined, prove that
associative law:

Ho(GoF)=(HoG)oF.

Proof: Given any z € D (F), then
(HoG)oF)(x) = (HoG)(F(r))
= H (G (F(x)))
= H((GoF)(x))
=(Ho(GoF))(x).
So, Ho(GoF)=(HoG)oF.

25 Prove the following set-theoretic identities for union and intersec-
tion:



(a) AU(BUC) = (AUB)UC, AN(BNC) =(ANB)NC.

Proof: For the part, AU(BUC) = (AU B)UC : Givenx € AU(BUC),
we have v+ € Aorx € BUC. Thatis, x € Aor x € B or ¢ € C. Hence,
x € AUB or x € C. It implies x € (AU B)UC. Similarly, if z € (AU B)UC,
then z € AU (BUC). Therefore, AU(BUC) = (AUB)UC.

For the part, AN(BNC) = (AN B)NC : Givenz € AN(BNC), we have
r€Aandx € BNC. Thatis,z € Aand x € Band x € C. Hence, x € ANB
and z € C. It implies x € (AN B) N C. Similarly, if z € (AN B) N C, then
r € AN(BNC). Therefore, AN(BNC)=(ANB)NC.

(b) AN(BUC)=(ANB)U(ANC).

Proof: Givenx € AN(BUC), then z € A and x € BUC. We consider
two cases as follows.

Ifxe B, thenz e ANB. So,z€ (ANB)U(ANC).

IfxeC thenze ANC. So,z € (ANB)U(ANC).

So, we have shown that

AN(BUC)C (ANB)U(ANC). (*)

Conversely, given x € (ANB)U(ANC),thenx € ANBorxz e ANC.
We consider two cases as follows.

Ifxe ANB,thenz e AN(BUC).

Ifxre ANC,thenxz e AN(BUCQ).

So, we have shown that

(ANB)U(ANC)CAN(BUCQ). (**)
By (*) and (**), we have proved it.

(¢) (AuB)n(ALC) =AU BNC)

Proof: Given z € (AUB)N(AUC), thenx € AUB and z € AUC.
We consider two cases as follows.

Ifx€e A thenx e AU(BNCO).

If 2 ¢ A then v € B and ¢ € C. So, + € BN C. It implies that
reAU(BNCO).

Therefore, we have shown that

(AUB)N(AUC)C AU(BNC). (*)
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Conversely, if € AU(BNC), then z € A or x € BN C. We consider
two cases as follows.
Ifxe A thenx e (AUB)N(AUC).
Ifz € BNC,thenz € AUBandz € AUC. So,z € (AUB)N(AUC).
Therefore, we have shown that
AU(BNC)C(AuB)N(AUC). (*)

By (*) and (**), we have proved it.
(d) (AUB)N(BUC)N(CUA)=(ANB)U(ANC)U(BNC)
Proof: Givenz € (AUB)N(BUC)N(CUA), then

re€AUBand z € BUC and x € CU A. (*)

We consider the cases to show x € (AN B)U(ANC)U (BNC) as follows.

For the case (z € A):

If x € B, then x € AN B.

If x ¢ B, then by (*), z € C. So, z € ANC.

Hence, in this case, we have proved that x € (AN B)U(ANC)U(BNC).

For the case (z ¢ A):

If z € B, then by (*), z € C. So, z € BN C.

If x ¢ B, then by (*), it is impossible.

Hence, in this case, we have proved that x € (AN B)U(ANC)U(BNC).

From above,

(AUB)N(BUC)N(CUA) C(ANB)UANC)u(BNC)
Similarly, we also have
(ANB)UANCYU(BNC)C(AUB)N(BUC)N(CUA).

So, we have proved it.

Remark: There is another proof, we write it as a reference.

Proof: Consider

(AUB)N(BUC)N(CUA)

[(AUuB)N(BUC)|N(CUA)
=[BUANC)N(CUA)
=[BN(CUAJU[ANC)N(CUA)]

[(B CYU(BNA)JUANC)
=(ANB)UANCYU(BNCO).



(e) AN(B—C)=(ANB) - (ANC)

Proof: Given x € AN(B—-C),thenz € Aandx € B—C. So, x € A
and x € Band z ¢ C. So, z € AN B and x ¢ C. Hence,

re(ANB)-CC(ANB)—-(ANC). (*)

Conversely, given z € (ANB)—(ANC),thenz € ANBandz ¢ ANC.
So,z € Aand x € Band z ¢ C. So, z € A and z € B — C. Hence,

e AN(B—-C0C) (**)
By (*) and (**), we have proved it.
HH(A-C)n(B-C)=(AnB)-C

Proof: Givenz € (A-C)N(B—C),thenz € A—C and z € B— C.
So,x € Aand x € B and x ¢ C. So, z € (AN B) — C. Hence,

(A-C)n(B—-C)C (ANB) - C. ()

Conversely, given x € (AN B)—C, thenz € Aand z € B and x ¢ C. Hence,
r€A—Cand x € B— C. Hence,

(ANB)—-CC(A-C)Nn(B-0C). (*%)
By (*) and (**), we have proved it.
(g) (A= B)UB = Aif and only if, BC A

Proof: (=) Suppose that (A — B)U B = A, then it is clear that B C A.
(<) Suppose that B C A, then given x € A, we consider two cases.

If x € B, thenz € (A— B)UB.

If ¢ B, then z € A — B. Hence, x € (A— B)UB.

From above, we have

AC(A-B)UB.
In addition, it is obviously (A — B)U B C A since A— B C A and B C A.

26 Let f: S — T be a function. If A and B are arbitrary subsets of S,
prove that

fAUB) = f(A)U f(B) and f(ANB) C f(A)Nf(B).
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Generalize to arbitrary unions and intersections.

Proof: First, we prove f(AUB) = f(A) U f(B) as follows. Let y €
f(AUB), then y = f(a) or y = f(b), where a € A and b € B. Hence,
ye f(A)U f(B). That is,

fAUB)C f(A)Uf(B).
Conversely, if y € f(A)U f(B), then y = f(a) or y = f(b), where a € A
and b € B. Hence, y € f (AU B). That is,

fA)Uf(B)Cf(AUB).

So, we have proved that f (AU B) = f(A)U f (B).

For the part f(ANB) C f(A)Nf(B): Lety € f(ANDB), then y =
f(z),wherex € ANB. Hence,y € f(A)andy € f(B).Thatis, f (AN B) C
fA)Nf(B).

For arbitrary unions and intersections, we have the following facts, and
the proof is easy from above. So, we omit the detail.

f (Uier Ai) = Uier f (A;), where I is an index set.

And
f(MierA;) € Nierf (A;), where I is an index set.

Remark: We should note why the equality does NOT hold for the case
of intersection. for example, consider A = {1,2} and B = {1,3}, where

f(l)=1and f(2)=2and f(3) =2.
fAnB)=f({1h) ={1} c {2 c f({L.2hnf({L3}) = f(A)N[f(B).

27 Let f: S — T be a function. If Y C T, we denote by f~1(Y) the
largest subset of S which f maps into Y. That is,

ffY)={r:zeSand f(x) €Y}.

The set f~!(Y) is called the inverse image of Y under f. Prove that the
following for arbitrary subsets X of S and Y of T'.

(&) x c F1 (X))



Proof: Given x € X, then f(z) € f(X). Hence, z € f~1[f(X)] by
definition of the inverse image of f (X) under f. So, X C f~'[f (X)].

Remark: The equality may not hold, for example, let f (z) = 2% on R,
and let X = [0, 00), we have

FHF(X)] = f[[0,00)] = R.

(b) rrvrycy

Proof: Given y € f(f~'(Y)), then there exists a point x € f~'(Y)
such that f(z) = y. Since z € f~1(Y), we know that f(x) € Y. Hence,
y €Y. So, f(f7 (Y)Y

Remark: The equality may not hold, for example, let f (z) = 2? on R,
and let Y = R, we have

FF) =f(R)=[0,00) C R.

() ffAMUYe] = fH (V) U f (V)

Proof: Given z € f~![Y; UY;], then f(z) € Y; UYs. We consider two
cases as follows.

If f(z) €Yy, thenze f71(Y]).So,z e f~H(Y)U f(YVa).

If f(z) ¢ Yy, ie, f(x) € Yo, then z € f71(Y3). So, z € f1 (Y1) U
(Y.

From above, we have proved that

MUY, c ) u (). (*)

Conversely, since f~1(¥;) € £~} [¥; UY3] and =1 (V) € f~1[¥; UY3),
we have

FrM)Ufi(Y,) S finuYs). (**)
From (*) and (**), we have proved it.
(d) [ MiNY] =1 (Y)nfH(Ya)

Proof: Given z € f~1 (Y1) N f~1(Ys), then f(z) € Y} and f(x) € Ya.
So, f (z) € Y1 NY,. Hence, z € f~1[Y; NY5]. That is, we have proved that

)N () € f iyl (*)
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Conversely, since f~! [Y1 NYo] € f71 (Y1) and f71[Y1NYs] C f7(Va),
we have
fimny ] cfi)nf(Ya). (**)
From (*) and (**), we have proved it.
(e) f[FAT=Y)=5—f(Y)
Proof: Given z € f~1 (T'—Y), then f(x) € T —Y. So, f(x) ¢ Y. We
want to show that z € S— f~!(Y). Suppose NOT, then = € f~! (V') which

implies that f (z) € Y. That is impossible. Hence, z € S — f~1(Y). So, we
have

T -Y)SS—f(Y). (*)
Conversely, given x € S— f~1(Y), thenz ¢ f~1 (V). So, f (z) ¢ Y. That

is, f(x) €T —Y. Hence, z € f~1 (T —Y). So, we have
S—frY)CfH(T-Y). (**)

From (*) and (**), we have proved it.
(f) Generalize (c¢) and (d) to arbitrary unions and intersections.

Proof: We give the statement without proof since it is the same as (c)
and (d). In general, we have

F T (Uierdi) = Uier f 1 (A)).
and
S (Mierds) = Mier f 1 (A)).
Remark: From above sayings and Exercise 2.6, we found that the
inverse image f~! and the operations of sets, such as intersection and union,
can be exchanged. However, for a function, we only have the exchange of

f and the operation of union. The reader also see the Exercise 2.9 to get
more.

2.8 Refer to Exercise 2.7. Prove that f[f~' (Y)] =Y for every subset Y’
of T'if, and only if, "= f (S5) .

Proof: (=) It is clear that f(S) C T. In order to show the equality, it
suffices to show that T C f(S). Consider f~!(T) C S, then we have

FUHD) S f(S).
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By hyppothesis, we get T C f (.5).

(<) Suppose NOT, i.e., f[f~'(Y)] is a proper subset of Y for some
Y C T by Exercise 2.7 (b). Hence, there is a y € Y such that y ¢
FIfH(Y)]. Since Y C f(S) =T, f(z) =y for some z € S. It implies that
z € f1(Y). So, f(z) € f[f 1 (Y)] which is impossible by the choice of y.
Hence, f[f~* (Y)] =Y for every subset Y of T.

29 Let f : S — T be a function. Prove that the following statements
are equivalent.

(a) f is one-to-one on S.

(b) f(ANB) = f(A)N f(B) for all subsets A, B of S.

(c) f71[f (A)] = A for every subset A of S.

(d) For all disjoint subsets A and B of S, the image f (A) and f (B) are
disjoint.

(e) For all subsets A and B of S with B C A, we have

f(A=B)=[f(A)—[f(B).

Proof: (a) = (b) : Suppose that f is 1-1 on S. By Exercise 2.6, we
have proved that f(ANB) C f(A) N f(B) for all A,B of S. In order to
show the equality, it suffices to show that f(A)Nf(B) C f(ANB).

Given y € f(A)N f(B), then y = f(a) and y = f(b) where a € A
and b € B. Since f is 1-1, we have a = b. That is, y € f(ANB). So,
fANF(B)C f(ANB).

(b) = (c) : Suppose that f (AN B) = f(A)N f(B) for all subsets A, B
of S. If A # f~'[f (A)] for some A of S, then by Exercise 2.7 (a), there is
an element a ¢ A and a € f~![f (A)]. Consider

¢ = f(An{a}) = f(A) N f({a}) by (b) (*)

Since a € f~1[f (A)], we have f (a) € f (A) which contradicts to (*). Hence,
no such a exists. That is, f~![f (A)] = A for every subset A of S.

(¢) = (d) : Suppose that f~'[f(A)] = A for every subset A of S. If
AN B = ¢, then Consider

p=ANB
= AN (B)]
=1 (f(A) N f(B)) by Exercise 2.7 (d)

11



which implies that f (A) N f(B) = ¢.
(d) = (e) : Suppose that for all disjoint subsets A and B of S, the image
f(A) and f (B) are disjoint. If B C A, then since (A — B) N B = ¢, we have

f(A=B)nf(B)=¢
which implies that
f(A=B)C f(A) - f(B). (**)

Conversely, we consider if y € f(A) — f(B), then y = f (z), where x € A
and = ¢ B. It implies that xt € A — B. So, y = f (v) € f(A— B). That is,

f(A) = f(B)S f(A-B). (**%)

By (**) and (***), we have proved it.

(d) = (a) : Suppose that f (A — B) = f (A)— f (B) for all subsets A and
B of S with B C A. If f(a) = f(b), consider A = {a,b} and B = {b}, we
have
f(A=B)=¢
which implies that A = B. That is, a = b. So, f is 1-1.
2.10 Prove that if A"B and B™C, then A™C.

Proof: Since A™B and B~C, then there exists bijection f and g such
that
f:A—Bandg: B — C.

So, if we consider go f: A — C, then A™C since g o f is bijection.
211 1f {1,2,...,n} ~{1,2,...,m}, prove that m = n.

Proof: Since {1,2,...,n} “{1,2,...,m}, there exists a bijection function

fAL2,..,n}—{1,2,...,m}.

Since f is 1-1, then n < m. Conversely, consider f~! is 1-1 to get m < n. So,
m = n.

2.12 If S is an infinite set, prove that S contains a countably infinite
subset. Hint. Choose an element a; in S and consider S — {a;} .
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Proof: Since S is an infinite set, then choose a; in S and thus S — {a,}
is still infinite. From this, we have S — {a4, .., a,} is infinite. So, we finally
have

{a1,...;an, ...} (CS)
which is countably infinite subset.
2.13 Prove that every infinite set S contains a proper subset similar to S.
Proof: By Exercise 2.12, we write § = S U {z1,...,Tp, ...} , where SN
{z1,....;xp, ...} = ¢ and try to show
S U {.1'2, cery Ly } )
as follows. Define

f:SU{zg, tn, ..} = S =SU{zy,....T0,...}

by 3
f(m)z{ rifresS

x; if v =m0

Then it is clear that f is 1-1 and onto. So, we have proved that every infinite
set S contains a proper subset similar to S.

Remark: In the proof, we may choose the map

f:SU {TNi1y ey Ty} — S = SU {z1, .0y, ..}

f(x):{ vifzeS

ZT; if = Ti+N ’

2.14 If A is a countable set and B an uncountable set, prove that B — A
is similar to B.

Proof: In order to show it, we consider some cases as follows. (i) BNA =
¢ (ii) BN A is a finite set, and (iii) B N A is an infinite set.

For case (i), B— A = B. So, B — A is similar to B.

For case (ii), it follows from the Remark in Exercise 2.13.

For case (iii), note that B N A is countable, and let C'= B — A, we have
B=CU(BNA). We want to show that

(B—A)"BeCCUBNA.
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By Exercise 2.12, we write ' = C U D, where D is countably infinite and
CND = ¢. Hence,

C"CU(BNA) & (éuD)~ [éu(Du(BmA))]
& (CUD)~<CUD’)

where D’ = DU(B N A) which is countably infinite. Since (é U D) N (C’ U D')

is clear, we have proved it.

2. 15 A real number is called algebraic if it is a root of an algebraic
equation f(x) = 0, where f(z) = a9 + ez + ... + a,2" is a polynomial
with integer coefficients. Prove that the set of all polynomials with integer
coefficients is countable and deduce that the set of algebraic numbers is also
countable.

Proof: Given a positive integer N (> 2), there are only finitely many
eqautions with

n+Z|ak|:N, where a;, € Z. (*)
k=1

Let Sy ={f: f(z) = ap+ a1z + ... + a,a" satisfies (*)}, then Sy is a finite
set. Hence, U°,S, is countable. Clearly, the set of all polynomials with
integer coefficients is a subset of Uy2,S,,. So, the set of all polynomials with
integer coefficients is countable. In addition, a polynomial of degree k has at
most k roots. Hence, the set of algebraic numbers is also countable.

2.16 Let S be a finite set consisting of n elements and let 7" be the
collection of all subsets of S. Show that 7" is a finite set and find the number
of elements in 7.

Proof: Write S = {x1,...,x,}, then T" =the collection of all subsets of
S. Clearly, T is a finite set with 2" elements.

217 Let R denote the set of real numbers and let S denote the set
of all real-valued functions whose domain in R. Show that S and R are not
equinumrous. Hint. Assume S™R and let f be a one-to-one function such
that f (R) = S.If a € R, let g, = f (a) be the real-valued function in S which
correspouds to real number a. Now define h by the equation h (z) = 1+g, (z)
if z € R, and show that h ¢ S.
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Proof: Assume S™R and let f be a one-to-one function such that f (R) =
S.Ifa € R, let g, = f (a) be the real-valued function in S which correspouds
to real number a. Define h by the equation h (z) =1+ g, (z) if z € R, then

h:f(b)ng

which implies that
h(b) =1+ gy (b) = go (b)
which is impossible. So, S and R are not equinumrous.

Remark: There is a similar exercise, we write it as a reference. The
cardinal number of C'[a, b] is 2%, where Ry = # (N).

Proof: First, # (R) = 2% < # (C'[a,b]) by considering constant func-
tion. Second, we consider the map

f:Cla,b] = P(Q x Q), the power set of @ x @

by
flo) ={(z,y) € @ xQ:x € a,b] andy < ¢ (x)}.
Clearly, f is 1-1. It implies that # (C'[a,b]) < # (P (Q x Q)) = 2%°.
So, we have proved that # (C'[a,b]) = 2%,

Note: For notations, the reader can see the textbook, in Chapter 4, pp
102. Also, see the book, Set Theory and Related Topics by Seymour
Lipschutz, Chapter 9, pp 157-174. (Chinese Version)

2.18 Let S be the collection of all sequences whose terms are the integers
0 and 1. Show that S is uncountable.

Proof: Let E be a countable subet of S, and let F consists of the se-
quences Si, .., Sp,.... We construct a sequence s as follows. If the nth digit
in s, is 1, we let the nth digit of s be 0, and vice versa. Then the sequence
s differes from every member of E in at least one place; hence s ¢ E. But
clearly s € S, so that F is a proper subset of S.

We have shown that every countable subset of S is a proper subset of S.
It follows that S is uncountable (for otherwise S would be a proper subset
of S, which is absurb).

Remark: In this exercise, we have proved that R, the set of real numbers,
is uncountable. It can be regarded as the Exercise 1.22 for £ = 2. (Binary
System).
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2.19 Show that the following sets are countable:

(a) the set of circles in the complex plane having the ratiional radii and
centers with rational coordinates.

Proof: Write the set of circles in the complex plane having the ratiional
radii and centers with rational coordinates, {C (z,;¢,) : x, € Q x Q and ¢, € Q} :=
S. Clearly, S is countable.

(b) any collection of disjoint intervals of positive length.

Proof: Write the collection of disjoint intervals of positive length, {I : I is an interval of positiv
S. Use the reason in Exercise 2.21, we have proved that S is countable.

220 Let f be a real-valued function defined for every x in the interval
0 < z < 1. Suppose there is a positive number M having the following
property: for every choice of a finite number of points i, xs, ..., x, in the
interval 0 < z <1, the sum

[f (@) + o+ f ()| < M.

Let S be the set of those z in 0 < z < 1 for which f (z) # 0. Prove that S
is countable.

Proof: Let S, = {x €[0,1] : |f (z)] > 1/n}, then S, is a finite set by
hypothesis. In addition, S = U2 ,.S,. So, S is countable.

2.21 Find the fallacy in the following ”proof” that the set of all intervals
of positive length is countable.

Let {z1,xs,...} denote the countable set of rational numbers and let I
be any interval of positive length. Then I contains infinitely many rational
points x,,, but among these there will be one with smallest index n. Define
a function F' by means of the eqaution F' (I) = n if x,, is the rational number
with smallest index in the interval /. This function establishes a one-to-one
correspondence between the set of all intervals and a subset of the positive
integers. Hence, the set of all intervals is countable.

Proof: Note that F' is not a one-to-one correspondence between the set
of all intervals and a subset of the positive integers. So, this is not a proof.
In fact, the set of all intervals of positive length is uncountable.

Remark: Compare with Exercise 2.19, and the set of all intervals of
positive length is uncountable is clear by considering {(0,z) : 0 < z < 1}.
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2.22 Let S denote the collection of all subsets of a given set T'. Let f : S —

R be a real-valued function defined on S. The function f is called additive
if f(AUB) = f(A)+ f(B) whenever A and B are disjoint subsets of 7. If
f is additive, prove that for any two subsets A and B we have

fAUB) = f(A)+ f(B—-A)

and

f(AUB) = f(A)+f(B)-f(ANDB).

Proof: Since AN(B—A)=¢and AUB=AU(B— A), we have
f(AUB) = f(AU(B—A)) = f(A) + [(B-A). (*)

In addition, since(B — A)N(ANB)=¢and B=(B—-A)U(ANB), we
have
fB)=F((B=A)U(ANB))=[f(B-A)+[f(ANB)

which implies that
f(B—=A)=f(B)-f(ANB) (**)
By (*) and (**), we have proved that

fAUB) = f(A)+f(B) - f(ANB).

2.23 Refer to Exercise 2.22. Assume f is additive and assume also that
the following relations hold for two particular subsets A and B of T :

fAUB) = f(A)+ f(B) - f(A) f(B)
and
f(ANB) = f(A)[(B)
and
f(A)+ f(B) # [(T),

where A’ =T — A, B' =T — B. Prove that these relations determine f (T'),
and compute the value of f (7).
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Proof: Write

F(T)=fA)+ f(A) = F(B)+ f(B),

then

8 _
~ Q
< —~ =
N
Do~
o=z
8 ==
g= 17
ST BT
< =R

— o~ o~

I~ N T~

~—
— — —~ =

~~ Y~ T~

—_ = —

[aN]

—
)
o~

—~

—~

~—r

which implies that

[F (TP = [ (A)+ £ (B) + 2 £ (T) +2[f (4) + f (B)] =0

which implies that

0

f(A)+ f(B).So,z=2since z #a by f(A) + f(B)# f(T).

2~ (a+2)z+20=0= (z—a)(r—2)

where a
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