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Chapter 1

Sentential Logic

1.1 Deductive Reasoning and Logical Connectives

Convention 1.1. Here are our first three connective symbols and the words they stand for:

Symbol ‘ Meaning

vV or
A and
- not

Thus, if P and @ standard for two statements, then we’ll write

Logical forms ‘ Meaning 1 ‘ Meaning 2
PvQ Por @ disjunction of P and @
PAQ P and @ | conjunction of P and @

-P not P negation of P

Example 1.2. For the following 3 examples, assume the premises are true, then the conclusion is
true as well.

(a)  premises:
It will either rain (P) or snow tomorrow (). In other words, PV @
It’s too warm for snow (not Q). In other words, =Q

conclusion:
Therefore, it will rain (P).

(b)  premises:
If today is Sunday, then I don’t have to go to work today.
Today is Sunday.

conclusion:
Therefore, I don’t have to go to work today.

(c)  premises:
I will go to work either tomorrow (P) or today (Q). In other words, PV @
I am going to stay home today (H). (H implies =@, but notices that H # —Q.)

1



2 CHAPTER 1. SENTENTIAL LOGIC

conclusion:
Therefore, I will go to work tomorrow (P).

Remark. In Example (¢), If one of the premises “I will go to work either tomorrow or today” is
false, i.e., I won’t go to work both tomorrow and today. The conclusion becomes false as well.

Example 1.3. Here is an example of an invalid deductive argument.
Either the butler is guilty or the maid is guilty.
Either the maid is guilty or the cook is guilty.
Therefore, either the butler is guilty or the cook is guilty?

The argument has this form:

(a) Bor M,

(b) M or C.

(¢) Therefore, B or C'? No. it could be M.

Example 1.4. Analyze the logical forms of the following statements:

(a) Either John went to the store, or we'’re out of eggs.

Let P stand for the statement “John went to the store” and @ stand for “We are out of eggs”,
then this statement could be represented symbolically as PV Q.
(b) Joe is going to leave home and not come back.

Method 1: Let P stand for the statement “Joe is going to leave home” and @ stand for the
statement “Joe is not going to come back”, then we could represent this statement symbolically as
PAQ.

Method 2: Let P stand for the statement “Joe is going to leave home” and R stand for the
statement “Joe is going to come back”, then we could represent this statement symbolically as
P A—=R.

(c) Either Bill is at work and Jane isn’t, or Jane is at work and Bill isn’t.

Let B stand for the statement “Bill is at work” and J stand J for “Jane is work”, then we could
represent this statement symbolically as (B A =J) V (J A =B). Note that the priority: = > A >V,
that’s why we add parentheses when we form the disjunction of B A =J and J A =B, and why we
don’t need to add parentheses for —J and —B.

Example 1.5. What English sentences are represented by the following expressions?
(a) (S AL)VS, where S stands for “John is stupid” and L stands for “John is lazy”.
Either John isn’t stupid and he is lazy, or he’s stupid.

(b) =S A(LVS), where S and L have the same meaning as before.
John isn’t stupid, and either he’s lazy or he’s stupid.

(¢) =(SAL)VS, with S and L still as before.
Either John isn’t both stupid and lazy, or John is stupid.
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1.2 True Tables

Assume that P, @, and R stand for statements that are either true or false.

Proposition 1.6. (a) The true table for the formula P and Q.

PAQ

H /MY
H/m A HO
H ==

Figure 1

Thus, P A Q is true if and only if both P and @ are true.
(b) The true table for the formula —P.
-P

T
F

= =N

Figure 2

Thus, —P is true if and only if P is false.
(¢) The true table for the formula PV Q.

3y
SO
=A<

Figure 3

Thus, PV @ is true if and only if either P or @ is true.
Example 1.7. Make a true table for the formula —(P V —=Q).

ﬂQ P\/_\Q —\(P\/_\Q)

33y
SRR
CR=RCR
SRR
e lies B lies |
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Example 1.8. Make a true table for the formula —(P A =Q) V —R.

P Q R PAQ —(PAQ) —-R —(PAQ)V-R
F F F F T T T
F F T F T F T
F T F F T T T
F T T F T F T
T F F F T T T
T F T F T F T
T T F T F T T
T T T T F F F

Remark. If a formula contain n different letter, its true table will have 2" lines.

Definition 1.9. We say an argument is valid if the premises are all true, then the conclusion must
be also true.

Example 1.10. Determine whether the following argument is valid.

premises:
It will either rain (P) or snow tomorrow (Q). In other words, P V Q
It’s too warm for snow (not @). In other words, -Q

conclusion:
Therefore, it will rain (P).

The argument is represented symbolically as follows:

PvQ
—-Q
P (The symbol .-. means therefore.)

Looking at Figure 4 we see that only row of the table in which both premises come out true is row
three, and in this row the conclusion is also true. Thus, the true table confirms that if the premises
are all true, the conclusion must also be true, so the argument is valid.

Premises Conclusion
P Q@ PVQ -Q P
F F F T F
F T T F F
T F T T T
T T T F T
Figure 4

Example 1.11. Determine whether the following arguments are valid.
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(a)  premises:
Either John isn’t stupid and he is lazy, or he’s stupid.
John is stupid.

conclusion:
Therefore, John isn’t lazy.

Let S stand for the statement “John is stupid” and L stand for “John is lazy”. Then the
argument has the form:

(~SAL)VS
S
.. “L

Here is the truth table for the premises and conclusion:

Premises Conclusion
S L (=SAL)VS S =L
F F F F T
F T T F F
T F T T T
T T T T F
Figure 5

Both premises are true in lines three and four of this table. The conclusion is also true in line
three, but it is false in line four. Thus, it is possible for both premises to be true and the conclusion
false, so the argument is invalid.

(b)  premises:
The butler and the cook are not both innocent.
Either the butler is lying or the cook is innocent.

conclusion:
Therefore, the butler is either lying or guilty.

Let B stand for the statement “The butler is innocent”, C' for the statement “The cook is
innocent”, and L for the statement “The butler is lying”. Then the argument has the form:

~(BAC)
LVC
. LVv-B

Here is the truth table for the premises and conclusion:
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HHEHEH=sMD99mw

Premises Conclusion
C L —~(BAC) LVC Lv-B
F F T F T
F T T T T
T F T T T
T T T T T
F F T F F
F T T T T
T F F T F
T T F T T
Figure 6

SENTENTIAL LOGIC

The premises are both true only in lines two, three, four, and six, and in each of these cases the
conclusion is true as well. Therefore, the argument is valid.

We use “«—" to denote the equivalence.

DeMorgan’s laws

Commutative laws

Associative laws

Idempotent’s laws

Distributive laws

Absorption laws

Double Negation law

_\(P/\Q)(—)_\P\/_‘Q
ﬁ(P\/Q)(—)ﬁP/\—\Q
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Remark. If you have interest, you may use the truth table to prove these laws. For example,

-(PANQ) —-PVvV-Q

S|
A
CRSRERS
CRSRERS

The third and fourth column in this table are identical, so =(P A Q) = =P V —Q.
Example 1.12. Find simpler formulas equivalent to these formulas:
(a)

=(PV-Q)+«— -PA-—-Q  (DeMorgan’s law)
«— PAQ (Double negation law)

“(QA-P)VP+— (-QV--P)VP (DeMorgan’s law)
— (-QVP)VP (double negation law)
— QV(PVP) (associative law)
— QVP (idempotent law)

Fact 1.13. Use the truth table to check that
-PVP«——T,

-PANP+—F.

Formulas that are always true are called tautologies. Formulas that are always false are called
contradictions. We use T to denote a tautology and F' denote a contradiction.

Tautology laws
PAT «—— P,
PVT«+——T,
-T +—F.

Contradiction laws
PVF «— P,
PAF«—F,
—-F «— T.

These laws can be deduced from Proposition 1.6.
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Example 1.14. (a)

PVv(QV-P)«—— PV (-PVQ) (commutative law)
«— (PV-P)VvQ (associative law)
—TVQ (tautology law)

«— T.
So it is a tautologie.
(b)

PA=(QV-Q)—— PA-T
«— PAF (tautology law)

«— F.
So it is a contradiction.

()

Pv-(QV-Q)«—— PVvV-T
«~— PVF (tautology law)

— P. (contradiction law)

Example 1.15. Find simpler formulas equivalent to these formulas:
(a)

PV(QA-P)— (PVQ)N(PV-P)
<—><P\/Q)/\T
— PVQ.

“(PV(QA-R)ANQ —— (P A=(QA-R)) AQ
— ("PA(-QV—R))AQ
«—— ("PA(-QVR)AQ
— PA((-QV R)AQ)
— PA(QA(—QV R))
——PA(QA-Q)V(QAR))
— PA(TV(QAR))
— " PA(QAR)
«— " PAQAR.

—~ ~ —~
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1.3 Variables and Sets

Definition 1.16. Objects that are represented by letters are called variables.

Notation 1.17. (a) If a statment P contains one variable z, we use P(z) to stand for that state-
ment P.

(b) If a statement D contains two variables p, ¢, we use D(p, q) stand for that statement D.

Example 1.18. (a) For example, we could let P(z) stand for the statement “z is a prime number”.
Then P(7) would represent the statement “7 is a prime number”.

(b) We might represent the statement “p is divisible by ¢” by D(p, ¢). In this case, D(12,4) would
mean “12 is divisible by 4”.

Example 1.19. Analyze the logical form of the following statements:

(a) « is a prime number, and either y or z is divisible by z.

Let P(z) stand for “z is a prime number” and D(y,z) for “y is divisible by «”. Then D(z, )
would mean “z is divisible by x”, and so the entire statement would be P(x) A (D(y,x) V D(z,x)).
(b) x is a man and y is a woman and x likes y, but y doesn’t like x.

Let M (x) stand for “x is a man”, W (y) for “y is a woman”, and L(z,y) for “z likes y”. Then
L(y, ) would mean “y likes 2”. The entire statement would then be M (x)AW (y)AL(x, y)A—L(y, x).

Recall 1.20. A set is a collection of objects. The objects in the collection are called the elements
of the fspa. We usually list elements of a set between braces. For example, {3,7,14} is the set
whose elements are the threes numbers 3,7,14. We use the symbol € to mean is an element of.
For example, if A = {3,7,14}, then we could write 7 € A to say that 7 is an element of A. To say
that 11 is not an element of A, we write 11 ¢ A.

Note 1.21. The elements in a set have no order, for example, {3,7,14} = {14,3,7} = {3,7,14,7}.

Example 1.22. If a set is large, we can list a few elements then add an ellipsis (... ) after them, if
it is clear how the list should be continued. For example, if we write B = {2,3,5,7,11,13,17,...},
you know that the B represents all the prime numbers, and the number after 17 is 23.

Actually, it is better to define such a set by spelling out the pattern that determines the elements
of the set. In this case we could be explicit by defining B as follows:

B = {z |  is a prime number}.
This is read “B = the set of all z such that x is a prime number”.
Example 1.23. (a)
E =1{2,4,6,8,...} = {n | n is a positive even integer}.
(b)

P = {George Washington, John Adams, Thomas Jefferson, James Madison, ... }
= {z | z was a president of the United States}.
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Definition 1.24. The truth set of a statement P(z) is the set of all values of x that make the
statement P(x) true. In other words,

True set of P(x) = {x | P(z)}.
Example 1.25. What are the truth sets of the following statement?

(a) Shakespeare wrote x.

{z | Shakespeare wrote x} = {Hamlet,Macbeth, Twelfth Night, ... }.

(b) n is an even prime number.
{n | n is an even prime number} = {2}.
Note that 2 # {2}.
Note 1.26. If A is the true set of P(x), namely, A = {z | P(z)}, then y € A means that P(y),
and y & {z | P(x)} means that =P(y).
Example 1.27. (a) y € {z | x is divisible by w} means that y is divisible by w.
(b) a+b ¢ {z |z is an even number} means that a + b is not an even number.

(¢) 2€{w |6 ¢&{x|xis divisible by w}} means that 6 ¢ {z | z is disible by 2}, namely, 6 is not
divisible by 2, which is a false statement.

Definition 1.28. In the statement y € {z | P(x)}, y is a free variable, whereas z is bound variable
(or dummy variable).

Example 1.29.
5¢ {z|x*<9}.

L1e{y|y* <9}
Notation 1.30.

R = {z | z is a real number}.

Q = {z | x is a rational number}.

Z = {z | x is an integer}.

N = {z | z is a natural number} = {0,1,2,3,...}.

Notation 1.31.

R* = {x | z is a positive real number}.

Q" = {x | x is a positive rational number}.
7" = {z | x is a positive integer}.

R™ = {z | z is a negative real number}.

Q™ = {z | = is a negative rational number}.

Z~ = {z | z is a negative integer}.
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Definition 1.32. We read {z € U | P(z)} to mean that “the set of all z in U such that P(z)”.
Example 1.33.

{r€Z|2* <9} ={-2,-1,0,1,2}.
{reN|z? <9} ={0,1,2}.

Remark. In general, y € {x € A| P(x)} means the same thing as y € A A P(y).
Example 1.34.

{reR|2z*>>0}=R.
{reZ|z#z}=0={}.

Remark.
{0} #0,

where the first is a set with one element, whereas the second is a set with no elements.

1.4 Operations on Sets
Definition 1.35. The intersection of two sets A and B is the set AN B defined as follows:

ANB={z|z€ Aand z € B}
—{z|xze ANz € B}.

The union of A and B is the set AU B defined as follows:

AUB={x|xz€ Aor x € B}
—{z|xe Avze B}

The difference of A and B is the set A \. B defined as follows:

ANB={x|x € Aand x ¢ B}
—{z|xe ANz ¢ B}
—{z|ze AN—(z € B)}.

Example 1.36. Suppose A = {1,2,3,4,5} and B = {2,4,6,8,10}. List the elements of the
following set:

(a)
AN B =1{24}.
(b)
AUB=1{1,2,3,4,5,6,8,10}.
()

AN B={1,3,5}.
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(d)

(AUB)~ (AN B) = {1,3,5,6,8,10}.
(e) Since B\ A ={6,8,10},

(ANB)U (B~ A)=1{1,3,5,6,8,10}.

Example 1.37. Suppose A = {z | « is a man} and B = {z | « has brown hair}. What are AN B,
AUB and A\ B?

ANB={xz|x € A and x € B}

= {z | x is a man and x has brown hair}.

AUB={x|x € Aor x € B}

= {z | 2 is a man or x has brown hair}.

ANB={x]|x € Aandx € B}
= {z | 2 is a man or x does not have brown hair}.
Sometimes, it is helpful when working with operations on sets to draw pictures of the results of

these operations. One way to do this is with diagrams like that in Figure 1. This is called a Venn
diagram.

Figure 1

ANB
Figure 2
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AUB
Figure 3

ANB
Figure 4

From Venn diagram, you can see that

(AUB)~ (ANB) = (A~ B)U (B ~ A).

Definition 1.38. Define the symmetric difference AAB of A and B by
AAB=(AUB)~(ANB)= (AN B)U(B\ A).

Example 1.39. In Example 1.36, A = {1,2,3,4,5} and B = {2,4,6,8,10}.

13
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6,8,10

Then

AAB = {1,3,5,6,8,10}.
Remark. The set theory operations are N, U, and \.. The logical connectives are A, V and —.
Notation 1.40. (a) x € AN B means that xt € ANz € B.
(b) z € AU B means that z € AV x € B.
(¢c) z € A~ B means that z € AAx & B, or in other words, x € AA —(x € B).
Example 1.41. (a)

reAN(BUC)«—xe ANz e (BUCQO)
—zeAN(xeBvzel).

reAN(BNC)——axec AN-(xe BN(C)
— € AN-(zre€BAzel).

r€(ANB)UANC) «— (€ ANB)V(r€ ANCO)
— (xeANzeB)V(xe Arxz e ().

Remark. From the Venn diagram, you can see the distributive laws for sets holds:
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AN(BUC)=(ANB)U(ANCQC)

A
20

AU(BNC)=(AUB)N(AUC)

Note 1.42. We rarely create Venn diagrams for more than three sets.

Proposition 1.43. For any sets A, B and C,
AN(BNC)=(ANB)UANC).
Proof.

reAN(BNC)«— e AN-(ze BArz e ()
——xeAN(z € BVaxdgl)
—(xeANzgB)V(zeAnz ¢ C)
— (€ ANB)V(zre ANC)
—ze(ANB)UANCQ). O
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Definition 1.44. Suppose A and B are sets. We will say that A is a subset of B if every element
of A is also an element of B. We write A C B to mean that A is a subset of B. A and B are said
to be disjoint if they have no elements in common, or in other words AN B = ().

Example 1.45. Suppose A = {red, green}, B = {red,yellow,green,purple}, and C' = {blue, purple}.
Then two elements of A, red and green, are both also in B, and theorefore A C B. Also, ANC =0,
aos A and C' are disjoint.

Remark. We draw a Venn diagram for subsets and disjoint sets.

ANB=10

The following fact and theorem can be easily seen from the Venn diagram.

Fact 1.46.
(ANB)N (AN B)=0.

Theorem 1.47. For any sets A and B,
(AUB)\ B C A.
Proof. Let x € (AU B) \ B. It is enough to show that x € A. Note that
r€(AUB)\B — (x€ AUB)A(z ¢ B)
— (reAVzeB) Nz ¢B
—z € A O
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1.5 The Conditional and Biconditional Connectives

Notation 1.48. We write P — @ to represent the statement “If P then 7. This statement is
sometimes called a conditional statement, with P as its antecedent and @ as its consequent.
Example 1.49. We analyze the logical form of the following statement:

premises:
If today is Sunday, then I don’t have to go to work today.
Today is Sunday.

conclusion:
Therefore, I don’t have to go to work today.

Let P stand for the statement “Today is Sunday” and @ for the statement “I don’t have to go to
work today”, then the logical form of the argument would be

P—qQ
r
Out analysis of the new connective — should lead to the conclusion that this argument is valid.
Example 1.50. Analyze the logical form of the following statements:

(a) If it’s raining and I don’t have my umbrella, then I'll get wet.

Let R stand for the statement “It is raining”, U for “I have my umbrella”, and W for “I’ll get
wet”. Then it would be represented by the formula (R A -U) — W.
(b) If Mary did her homework, then the teacher won’t collect it, and if she didn’t, then he’ll ask
her to do it on the board.

Let H stand for “Mary did her homework”, C' for “The teacher will collect it”, and B for “The
teacher will ask Mary to do the homework on the board”. Then it means (H — —~C) A (-H — B).

Example 1.51. The truth table for the formula P — Q.

P—qQ

el Bes e Rav
HMEs O
HmHHA

Figure 1

Because P — @ has the same true table as =PV Q,
P—Q««— -PVQ.
This implies that (Substituting P for —P)
-P—-Q+«— PVQ.
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Conditional laws
P—>Q<—>—\P\/Q<—>—\(P/\—|Q),
Definition 1.52. The formula Q — P is called the converse of P — Q.

Remark.

P—-Q¢—Q—P

Contrapositive laws
P—Q+— -Q — —P.
Example 1.53. Which of the following statement are equivalent?
(a) If it’s either raining or snowing, then the game has been canceled.
(b) If the game hasn’t been canceled, then it’s not raining and it’s not snowing.
c) If the same has been canceled, then it’s either raining or snowing.

(
(d) If it’s raining then the game has been canceled, and if it’s snowing then the game has been
canceled.

(e) If it’s neither raining nor snowing, then the game hasn’t been canceled.

Let R stand for the statement “It’s raining”, S for “It’s snowing”, and C' for “The game has been
canceled”. Then we translate all of the statements into the notation of logic:

(a) (RVS) — C.

(b) ~C — (R A -S).

(c) C— (RVS).

(d) (R—=C)A (S —O).

(€) ~(RVS) — ~C.

Thus, (a) = (b) because by the contrapositive law

(RVS)—C+——-C——-(RVS)
— =C — (—|R/\—|S)

(a) «— (d) because

(R—-C)N(S—C)—— ("RVC)A(=SV()
— ("RA-S)VC
—a(RvS)vC
— (RVS)—C.

(c) #— (a) because (c) is converse of (a). (c) «— (e) by the contrapositive law. Therefore,

(a) = (b) == (d) #— (¢c) < (e).
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Remark. The ways to express P — Q:

P implies Q.

Q, if P.

P only if Q. (This is eqivalent to =@ — —P, which is equivalent P — Q).

P is a sufficient condition for Q. (The truth of P suffices to guarantee the truth of @Q.)

@ is a necessary condition for P. (In order for P to be true, it is necessary for @ to be true also.)
Example 1.54. Analyze the logical forms of the following statements:
(a) If at least ten people are there, then the lecture will be given.
(b) The lecture will be given only if at least ten people are there.
(¢) The lecture will be given if at least ten people are there.
(d) Having at least ten people there is a sufficient condition for the lecture being given.
(e) Having at least ten people there is a necessary condition for the lecture being given.
Let T stand for the statement “At least ten people are there” and L for “The lecture will be given”.
(a) T — L.
(b)y L—T.
(¢) T — L.
(d) T — L.
() L—T.
Definition 1.55. Define P «—— @ to be

(P = Q)N (Q—P).

Example 1.56. Using the definition of P «—— @, we get the truth table for it:

P Q P—Q
F F T
F T F
T F F
T T T
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Remark. Because ) — P can be written “P if @7 and P — @ can be written “P only if Q”,
P «—— @ means “P if Q and P only if )7, and this is often written “P if and only if Q”.

We use the abbreviation iff for the phrase if and only if. Thus, P «— (@ is usually written “P
iff @”. Another statement that means P «— @ is “P is a necessary and sufficient condition for

Q” .
Example 1.57. Analyze the logical forms of the following statements:

(a) The game will be canceled iff it’s either raining or snowing.

Let C stand for “The game will be canceled”, R for “It’s raining’, and S for “It’s snowing”.
Then the statement would be represented by C «— (R V S).
(b) Having at least ten people there is a necessary and sufficient condition for the lecture being
given.

Let T stand for “There are at least ten people there” and L for “The lecture will be given”.
Then the statement means 7' «— L.
(¢) If John went to the store then we have some eggs, and if he didn’t then we don’t.

Let S stand for “John went to the store” and E for “We have some eggs”. Then the statement
means (S — E) A (—S — —F), which is equivalent to (S — E) A (E — —S) by the contrapositive
law, which is equivalent to S «— FE by definition.



Chapter 2

Quantificational Logic

2.1 Quantifiers

Notation 2.1. To say that P(z) is true for every value of z in the universe of discourse U, we will
write Vo P(x). This is read “For all x, P(z)”. The symbol V is called the universal quantifier.
You could also think of the statement VaP(x) as saying

{z | P(2)} =U,
where U is the whole universe.

Notation 2.2. To say that there is at least one value of x in the universe for which P(z) is true,
we will write 3x P(x). This is read “There exists an x such that P(x)”. The symbol 3 is called the
existential quantifier.

Example 2.3. What do the following formulas mean? Are they true or false?

(a) V(2% > 0), where the universe of discourse is R.

This means that for every real number z, 22 > 0. This is true.

(b) 3z (22 — 2z + 3 = 0), with universe R.

This means that there is at least one real number z that makes the equation 22 — 2z 4+3 =0
come out true. In other words, the equation has at least one real solution. This is false because
(—2)% < 4(3) = 12.

(¢) Jx(M(z) A B(z)), where the universe of discourse is the set of all people, M (z) stands for the
statement “z is a man”, and B(z) means “x has brown hair”.

There is at least one people x such that x is a man and x has brown hair. In other words, there
is at least one man who has brown hair. This is true.
(d) V(M (z) — B(z)), with the same universe and the same meaning for M (x) and B(x).

For every person z, if x is a man, then = has brown hair. In other words, all men have brown
hair. This is false.

21
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(e) Va L(z,y), where the universe is the set of all people, and L(z,y) means “z likes y”.
For every person x, = likes y. In other words, everyone likes y. It is either true or false, because
it depends on whom y is. In this statement y is a free variable.

Remark. z is a dummy variable in the statement Va P(z) and 3z P(x). This means Va P(z)
is equivalent to Vw P(w), and 3z P(x) is equivalent to 3z P(z). Also, Vx L(x,y) is equivalent to
Vw L(w,y), both of them mean the same thing as “Everyone likes y”.

Words such as everyone, someone, everything, or something are often used to express the mean-
ings of statements containing quantifiers.

Convention 2.4. As with the symbol =, we follow the convention that the expressions Vx and J3x
apply only to the statements that come immediately after them. For example, Vz P(z) — Q(x)
means (Va P(z)) — Q(x).

Example 2.5. Analyze the logical forms of the following statements.

(a) Someone didn’t do the homework.
Let H(z) stand for the statement “z did the homework”. We write this as 3z —H(z).

(b) Everything in that store is either overpriced or poorly made.

Let S(z) stand for “z is in that store”, O(x) for “z is overpriced”, and P(x) for “z is poorly
made”.

The answer is Va [S(z) — (O(x) V P(x))].
(¢) Nobody’s perfect.

Method 1. This means —(somebody is perfect), or in other words, ~3x P(x), where P(x) stands
for “x is perfect”.

Method 2. Vz—P(z), where P(x) stands for “x is perfect”.

(d) Susan likes everyone who dislike Joe.

It means “If a person dislikes Joe then Susan likes that person”. Then we can start by rewriting
the given statement as Vx (if  dislikes Joe then Susan likes x). Let L(z,y) stand for “z likes y”, j
for Joe and s for Susan. Then the answer is Va (=L(z, j) — L(s, x)).

(e) ACB.
It could be written as Vo (z € A — = € B).

(fl ANBC B~C.

It could be written as Vz(x € ANB — x € B~ C). We can expand this further to get
Ve[(xr e ANz e€B)— (xe€ BAx &)

Example 2.6. Let’s look at some examples containing more than one quantifier.

(a) Some students are married.

To be married means to be married to someone.
Jz(S(z) A Iy M(z,y)),

where S(z) stand for “z is a student” and M (z,y) for “z is married to y”.
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(b) All parents are married.
Va(JyP(z,y) — FzM(z, 2)),
where P(z,y) means “z is a parent of y” and M (x, z) means “x is married to 27,
Example 2.7. Analyze the logical forms of the following statements.

(a) Everybody in the dorm has a roommate he doesn’t like.

This means that ¥V (if « lives in the dorm then x has a roommate he doesn’t like).
Vz[D(x) — Jy (R(z,y) A ~L(z,y))];
where R(z,y) stand for  and y are roommate and L(z,y) for x likes y.

(b) Nobody likes a sore loser.
Method 1. This means that Vz (if z is a sore loser then nobody likes ).

Va (S(z) — -3y L(y, x)).

Method 2. This means that Vz (if = is a sore loser then everybody dislikes x).

Va[S(x) - Vy-L(y, z)].
Method 3. This means that ~(Somebody likes a sore loser) = —(A sore loser is liked by someone).
—[By(S(y) ATz L(z,y))].

(¢) Anyone who has a friend who has the measles will have to be quarantined.

Vo (Jy (F(z,y) A M(y)) — Q(x)),

where F(z,y) stand for y is a friend of z, M (y) for “y has the measles”, and Q(z) for “z will have
to be quarantined”.

(d) If anyone in the dorm has a friend who has the measles, then everyone in the dorm will have
to be quarantined.

Va[D(x) A3y (F(z,y) A M(y)] — ¥z (D(z) — Q(2))-

(e) If AC B, then A and C \ B are disjoint.

(Vex(reA—z€eB))—»-Jax(re ANzeCAx¢gB).

Example 2.8. What do the following statements mean? Are they true or false? The universe of
discourse in each case is N, the set of all natural numbers.

(a) Vzdy(z <y). T
(b) JyVz(z <y). F
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(¢) JaVy(z <y). F

(d) Yy3z(xz <y). F (T if the universe of discourse U is Z or R)
(e) JxTFy(z <y). T

(f) Vavy(z <y). F

Example 2.9. What do the following statements mean? Are they true or false? The universe of
discourse in each case is N, the set of all natural numbers.

. F (Because N has no maximum)

. T (Take = 0, 0 is the minimum of N)
. T (Take z = y)
T
F

2.2 Equivalences Involving Quantifiers

Quantifier Negation laws
—3Jx P(z) «— Vaz-P(z).

Ve P(x) «— Jz-P(zx).

Example 2.10. Negate these statements and then reexpress the results as equivalent positive
statements.

(a) ACB. AC BmeansVa(z € A— x € B). To reexpress the negation of this statement as an
equivalent positive statement, we reason as follows:

Vaz(r€eA—z€B)—— Jz-(x € A— x € B)
—— Jz-(x € AVz € B)
— Jrx(xr€ ANz & B).

(b) Everyone has a relative he doesn’t like.
This statement would be written Va3y(R(x,y) A ~L(z,y)). Now we negate this and try to find
a simpler, equivalent positive statement:
Va3y(R(z,y) A -L(x,y)) «— 3z =3y (R(z,y) A =L(z,y))
— JaVy=(R(z,y) A-L(z,y))
— JzVy(-R(z,y) V L(z,y))
— JaVy(R(z,y) — L(z,y)),

where the first equality follows from the second quantifier negation law with the dummy variable x
and the second equality follows from the first quantifier negation law with the dummy variable y.
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Remark. Reversing the order of two quantifiers can sometimes change the meaning of a formula.
However, if the quantifiers are the same type (both V or both 3J), then the order can always be
switched.

Example 2.11. Consider the formula VaVy(L(z,y) — A(x,y)), where L(x,y) means “z likes y”
and A(z,y) means “xr admires y”. Then this formula saying “For all people = and y”, if x likes y,
then x admires y.

Remark. The above formula also means that people who like themselves also admire themselves.
Example 2.12. There exists a bigamist. The logical form is
oz (FyIz (M (z,y) AN M(z,2) Ny # 2)),
where M (z,y) means “z is married to y”.
Example 2.13. Analyze the logical forms of the following statements.

(a) All married couples have fights.
VaVy (M(z,y) — F(z,y)),

where M (z,y) means “x and y are married to each other” and F(z,y) means “z and y fight with
each other”.

(b) Everyone likes at least two people.
Va3y3z(L(z,y) ALz, 2) Ny # 2),
where L(z,y) stands for “z likes y”.

(¢) John likes exactly one person.
3 (L(j,z) ANVy(ly # = — —L(j,y)))-

Notation 2.14. (a) We write Vo € U P(x) to mean “For all z in U, P(z) is true”.

(b) We write 3z € U P(z) to mean “There exists an x in the universe U such that P(z) is true.”.
Example 2.15. We have the following examples.

(a) Ve eR(z 20). F

(b) Ve e N(z >0). T

Notation 2.16. We have two kinds of bounded quantifiers:

(a) We write Vo € AP(x) to mean “For all z in A, P(z) is true”.

(b) We write 3z € AP(x) to mean “There exists an x in A such that P(z) is true.”.

Example 2.17. We have the following examples.
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(a) To say that every positive real number has a square root, we would say

Vo e RT3y (y? = z).

(b) To say that every positive real number has a negative square root, we would say
Vo e RtIy e R™ (y* = 2).

We could also write it as
Vo >03y <0(y? =x).

Remark.
Va € AP(x) is equivalent to Yz (z € A — P(x)).

Example 2.18. The logical form Yz (x € A — x € B) of A C B could also be written as
Vo e A(x € B).
Bounded Quantifier Negation laws
—-Jx € AP(x) «— Va € A-P(z).

Vo € AP(z) «— Jz € A-P(x).
Let’s prove the second bounded quantifier negation law:

Proof.

Ve € AP(z) «— —Va(z € A— P(x))
—— Jz-(zx € A— P(x))
— Jz-(z &€ AV P(z))
— Jz(x € AN-P(z))
—— Jz € A-P(x). O

Remark. (a) If A =0, then 3z € AP(x) is false.
(b) If A =0, then Vo € AP(x) is true because
Vo € AP(x) «— —-—Vz € AP(z) «— —32 € A-P(x),

and 3z € A-P(x) is false.
Theorem 2.19. The empty set is a subset of every set.

Proof. Rewrite the statement A C B in the equivalent form Vz € A(x € B). Now if A = (), then
YV € A(x € B) is true. O

Theorem 2.20. The universal quantifier distributes over conjunction:

Va (P(x) AQ(x)) «— Vz P(z) AVzQ(x).



2.3. MORE OPERATION ON SETS

Example 2.21. Analyze the logical forms of the following statements.
(a) Let the universe of discourse be N.

(1) z is a perfect square.

(2) « is multiple of y.

(3) « is prime.

x>1A-Fydz(z=yz Ay <zxzAz<ux).
(4) z is the smallest number that is a multiple of both y and z.
Ja(z =ya) AIb(x = 2b) A "Fw(w < A Je(w = ye) ATd(w = zd)).

(b) Let the universe of discourse be R.

(1) The identity element for addition is 0.

Ve (r+0=uz).
(2) Every real number has an additive inverse.
VaIy(z+y=0).
(3) Negative numbers don’t have square roots.

Va(z <0— =3y (y* = 2)).

(4) Every positive number has exactly two square roots.

Va(e >0 IyIz((y? = 2) A2 =2) Ay £ 2) A~Ju((? = 2) A (w £ y) A (w £ 2))).

2.3 DMore operation on Sets
Notation 2.22. Let S be the set of all perfect squares. Then
S ={z|3In(z=n?)}

We can also write S as

S = {n?|neN}.

Therefore,
z € {n? | n € N} means the same thing as In € N(z = n?).
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Notation 2.23. Let P be the of the first 100 prime numbers. We might start by numbering the
prime numbers, calling them p1, ps, p3, . ... In other words, p; = 2, ps = 3, p3 = 5, and so on. Then

P= {p15p25p37 v aploo}-

Another way of describing P would be to say that it consists of all numbers p;, for i an element of
the set
I={1,2,3,...,100} = {i e N| 1 < ¢ < 100}.

This could be written
P={p;|iel}

Each element p; in this set is identified by a number i € I, called the index of the element. A set
defined in this way is sometimes called an indezed family, and I is called the indez set.

Example 2.24. Let M be the set of all mothers of students in your school and S be the set of
all students in your school. We might let m, stand for the mother of s for any student s in your
school. Then

M={ms|seS}

For example, if S = {Tom,Lily,Jack}, Tom and Lily have the same mother Ann, and the mother of
Jack is Mary, then
M = {Ann,Mary}.

Example 2.25. Analyze the logical forms of the following statements by writing out the definitions
of the set theory notation used.

(a) ye{Ve|zeQ}
Jz € Q(y = V).
(b) {os i€ I} C A
Viel(x; €A).
(c) {n* | n € N} and {n® | n € N} are not disjoint.
Im € N3n € N(m? =n?).
Example 2.26 (Family of sets). Let A ={1,2,3}, B= {4} and C = (. Let
F={4,B,C} = {{1,2,3},{4},0}.

Note that 1 € A, A € F, but 1 € F. Sets such as F, whose elements are all sets are sometimes
called families of sets.

Example 2.27 (Family of sets). Let S stand for the set of all students in your school, and for each
student s we let C be the set of courses that s has taken. Let

F={C,|se S}

The elements of this family are sets of courses. If we let ¢ stand for some particular student Tina,
and Cy = {Calculus, English, Composition, American History}, then C; € F but Calculus & F.
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An important example of a family of sets is given by the power set of a set.

Definition 2.28. Suppose A is a set. The power set of A, denoted &?(A), is the set whose elements
are all subsets of A, in other words,

P(A)={z |z C A}
Example 2.29. (a) Let A = {7,12}. Then

P(A) ={0,{7},{12},{7,12}}.

(b)
2(0) = {0}.

Example 2.30. In Example 2.27, let C' be the set of all courses offered at your school, then Cy C C'
for each student s. Then Cs € #(C), and so F C Z(C).

Example 2.31. Analyze the logical forms of the following statements.

(a) z € Z(A).
rCA—Vyecua(yecA).

(b) Z(A) € Z(B).

Ve(z e P(A) -z e PB)) «—Ve(r CA— 2z CB)
—Ve(Vyecz(ye A) - Vzeax(z € B))

(¢c) Be{Z(A)| Aec F}, where F is a family of sets.

Note that
Be{#(A)|AeF}——JAec F(B=ZFA),
where
B=%(A)«—Vx(x€B—xec PA)
—Vz(reB—xCA)
—Vr(xe BoVyea(ye A)
Then

JAe F(B=Z(A) «— JAe FVz(x € B~ Vyecx(y € A))
(d) z € (AN B).

rCANB«——Vycxz(ye ANB)—Vyca(yc ANy € B).
(e) x € Z(A)N P (B).

(e PA)N(xre XB))«— Vyex(yc A))ANNyexz(y € B)).
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Remark. One can show that

P(ANB)=P(A) N X(B).
If we change N to U, this is not true in general.

Example 2.32. Let F = {{1,2,3,4},{2,3,4,5},{3,4,5,6}}. Then

NF ={1,2,3,41N{2,3,4,5} N {3,4,5,6} = {3.,4}.
UF = {1,2,3,4}U{2,3,4,5} U {3,4,5,6} = {1,2,3,4,5,6}.

Definition 2.33. Suppose % is a family of sets. Then the intersection and union of F are the sets
NJF and UF defined as follows:

NF={z|VAecF(xe A}l
UF={x|3Ae F(xe A}
Remark. We will use the notation NF only when F # ().

Remark. If F = {4, B}, then
NnF=AnNB.

UF =AUB.
Example 2.34. Analyze the logical forms of the following statements.

(a) x € NF.
VAe F(zeA).

(b) NF & UG.

NF L UG «—— Jx(z € NF Az ¢ UG)
— JxVAec Flx e A)N-FAcG(x € A)
— Jz[VAeFlze A)ANVAeG(x & A).

(c) x € P(UF).

re P(UP)—— x CUF
—Vyeax(y € UF)
—Vyex(TAe F(y e A)).

(d) zeU{P(A)|Ac F}. Let G={F(A) | Ac F}. Then G is a family of power sets, and so

reEU{HA)|Ae F} «——z e UG
— x €UgerPZ(A)
— JA e F(x e Z(A4))
<—>3A€f(ng)
—JAe F(Vy € z(y € A)).
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Notation 2.35. Suppose F = {4; | i € I}. Then

NnF = ﬂieIAi = {CE | Vi€ I(l’ € Az)}
UF = UieIAi = {l‘ | di € I(l‘ S Al)}

Example 2.36. Let [ = {1,2,3}, and for each i € I let A; = {é,i+ 1,4+ 2,i + 3}. Find N;cr4;

and UiEIAi-
Note that
Ay ={1,2,3,4}
Ay ={2,3,4,5}
Az ={3,4,5,6}.
Then

m1'61147L = Al N A2 N A3 = {1727?)’4} N {27374a5} N {37475a6} = {374}
UierA; = A1 U A3 U Az = {17273a4} U {27374a5} U {37475a6} - {1a2a3747576}'

In fact, we can now see that the question asked in this example is exactly the same as the one in
Example 2.32, but with different notation.
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Chapter 3

Proofs

3.1 Proof Strategies

Theorem. Suppose z > 3 and y < 2. Then 22 — 2y > 5.
Proof. Exercise. O

Incorrect Theorem. Suppose z > 3. The 22 — 2y > 5. The counterexample is 2 = 4 and y = 6,
where x,y are free variables, and (4,6) is an instance for (x,y).

Remark. If you find a counterexample for a theorem, then you can be sure that the theorem is
incorrect, but the only way to know for sure that is a theorem is correct is to prove it.

Our first proof strategy:
To prove a conclusion of the form P — Q:
Assume P is true and then prove Q.
Assuming P is true amounts to the same thing as adding P to your list of hypotheses, then the
conclusion is changed from P — Q to Q.

Definition 3.1. We will refer to the statements that are known or assumed to be true at some
point in the course of figuring out a proof as givens, and the statement that remains to be proven
at that as the goal.

Scratch work

Before using strategy:

Givens Goal
- P—Q
After using strategy:
Givens Goal
— Q
P

33
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Form of final proof:

Suppose P.
[Proof of @ goes here.]
Therefore P — Q.

Example 3.2. Suppose a and b are real numbers. Prove that if 0 < a < b then a? < b?.

Proof. We are given as a hypothesis that a¢ and b are real numbers. Our conclusion has the form
P — @, where P is the statement 0 < a < b and Q is the statement a? < b2. Thus we start with
these statements as given and goal:

Givens Goal
a and b are real numbers (a <a<b)— (a® < b?)

We transform the problem by adding 0 < a < b to the list of givens and making a? < b? our goal:

Givens Goal
a and b are real numbers a? < b?
0<a<bd

Since a,b € R*, multiplying a < b by a gives us a? < ab; multiplying a < b by b gives us ab < b
Thus, a? < ab < b?, and so a? < b2. O

Theorem 3.3. Suppose a and b are real numbers. If 0 < a < b then a® < b2.

Proof. Suppose that 0 < a < b. Then a,b € Rt. Multiplying a < b by a gives us a? < ab and
multiplying a < b by b gives us ab < b%. Thus, a®> < ab < b?, and so a? < b%. Thus, if 0 <a < b
then a® < b2. O

Our second proof strategy:
To prove a goal of the form P — Q:
Assume (@ is false and prove that P is false:

Scratch work

Before using strategy:

Givens Goal
- P—-Q
This is equivalent to
Givens Goal
After using strategy:
Givens Goal
_ -pP

-Q
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Form of final proof:

Suppose —Q (or Q is false).
[Proof of =P goes here.]
Therefore P — Q.

Example 3.4. Suppose a, b, and c are real numbers and a > b. Prove that if ac < bc then ¢ < 0.

Scratch work

Givens Goal
a, b, and ¢ are real numbers (ac < bc) — (¢ <0)
a>b
This is equivalent to
Givens Goal
a, b, and c are real numbers c>0—ac>bc
a>b

The contrapositive of the goal is =(c < 0) — —(ac < be), or in other words (¢ > 0) — (ac > be), so
we can prove it by adding ¢ > 0 to the list of gives and make ac > bc our new goal:

Givens Goal
a, b, and ¢ are real numbers ac > be

a>b

c>0

Form of final proof:

Suppose ¢ > 0.
[Proof of ac > be goes here.|
Therefore if ac < be then ¢ < 0.

Theorem 3.5. Suppose a, b, and ¢ are real numbers and a > b. If ac < be then ¢ < 0.

Proof. We will prove the contrapositive. Suppose that ¢ > 0. Then we can multiply both sides of
the given inequality a > b by ¢ and conclude that ac > bc. Therefore, if ac < be then ¢ < 0. O

3.2 Proof Involving Negations and Conditions

Out first strategy for proving negated statements is :

To prove a goal of the form —P:

If possible, reexpress the goal in some other form and then use one of the proof strategies for
this other goal form.

Example 3.6. Suppose ANC C B and a € C. Prove that a ¢ A\ B.
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Scratch work

Givens Goal
AnNnCcB a¢ AN B
aeC

Because the goal is a negated statement, we try to reexpress it:

ag ANB=-(a€ ANa & B)
=a¢AVvVa€eB
=ac€A—acB.

Rewrite the goal in this way gives us:

Givens Goal
ANnCcCB acA—acB
acC

We now prove the goal in this new form, using the first strategy from Section 3.1. (Note that in
other situations we might choose the second strategy from Section 3.1.) Thus, we add a € A to our
list of givens and make a € B our goal:

Givens Goal
ANnCcCB a€B

acC

ac A

The proof is now easy: From the givens a € A and a € C we can conclude that a € AN C, and
then, since AN C C B, it follows that a € B.

Theorem 3.7. Suppose ANC C B anda € C. Thena ¢ AN B.

Proof.

a ¢ AN B is equivalent to -(a € AN a & B)
which is equivalent toa € AV a € B
which is equivalent to a € A — a € B.

Suppose a € A. Then since a € C, a € AN C. But then since ANC C B it follows that a € B.
Therefore, if ANC C B and a € C, then a € A\ B. O

Out second strategy for proving negated statements is :

To prove a goal of the form —P:

Assume P is true and try to reach a contradiction. Once you have reached a contradiction, you
can conclude that P must be false.

Scratch work
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Before using strategy:

Givens Goal
_ -P
After using strategy:
Givens Goal
— Contradiction
-P

Form of final proof:

Suppose P.
[Proof of contradiction goes here.]
Therefore P is false.

Example 3.8 (Using the second strategy). Suppose ANC C B and a € C. Then a ¢ A~ B.

Proof. Suppose =(a € AN B). Thena € AN B,andsoa€ Aanda ¢ B. Sincea € C,ac ANC.
But then since ANC C B it follows that a € B, contradicting a ¢ B. Therefore, if ANC C B and
a€C,thena ¢ A\ B. O

Example 3.9. Prove that if 22 + y = 13 and y # 4 then x # 3.

Scratch work

Givens Goal
2?2 +y=13 r#3
y#4
We try proof by contradiction and transform the problem as follows:
Givens Goal
224+ y=13 Contradiction
y7#4
r=3

Theorem 3.10. If 22 +y = 13 and y # 4 then x # 3.

Proof. Suppose 2 +y = 13 and y # 4. Suppose x = 3. Substituting this into the equation
2% +y =13, we get 9+y = 13, so y = 4, contradicting y # 4. Therefore, if 22 +y = 13 and y # 4
then x # 3. O

This is our first strategy based on the logical form of a given.
To use a given of the form —P:
If you’re doing a proof by contradiction, try making P your goal. If you can prove P, then
the proof will be complete, because P contradicts the given —P.

Scratch work
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Before using strategy:

Givens Goal
-P Contradiction
After using strategy:
Givens Goal
-P P

Form of final proof:

[Proof of contradiction goes here.]
Since we already know —P, this is a contradiction.

Example 3.11. Suppose A, B, and C' are sets, A~ B C C. Prove that if x € A~ C then x € B.
Scratch work

Before using strategy:

Givens Goal
A~BCC(C Tz € B
re ANC

The goal © € B contains no logical connectives, so none of the techniques we have studied so far
apply, and it is not obvious why the goal follows from the givens. Let’s try proof by contradiction.

Givens Goal

ANBCC Contradiction

reANC
x ¢ B

Note that x € A~ C means x € A and = € C. Replacing this given by its definition gives us:

Givens Goal

ANBCC Contradiction
reA
g C
r ¢ B

Now the third given also has the form =P, where P is the statement x € C, so we can apply the
strategy for using givens of the form —P and make z € C our goal.
After using strategy:

Givens Goal
A~NBCC reC

reA

z¢gC

r ¢ B
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Theorem 3.12. Suppose A, B, and C are sets, AN BCC. Ifx € ANC thenz € B.

Proof. Suppose x € AN C. Then x € A and = ¢ C. Suppose z ¢ B. Then z € A~ B. Since
AN B CC, x € C, contradicting x ¢ C. Thus, if z € A~ C then x € B. O

Remark. Prove by contradiction directly. Suppose z ¢ B. Since x € ANC, z € Aand z ¢ C.
Hence x € A\ B, contradicting A~ B C C. Thus, if x € A~ C then x € B.

To use a given of the form —P:
If possible, reexpress this given in some other form.
To use a given of the form P — Q:
If you are also given P, or if you can prove that P is true, then you can use this given to
conclude that @ is true (modus ponens). Since it is equivalent to =@ — —P, if you can prove that
Q is false, you can use this given to conclude that P is false (modus tollens).

(a) modus ponens: (P — Q)AP — Q.

(b) modus tollens: (P — Q) A -Q — —P.

Example 3.13. Suppose P — (Q — R). Prove that =R — (P — —=Q).
Scratch work

Before using strategy:

Givens Goal

The goal is a conditional statement, so

Givens Goal
P—(Q— R) P—-Q
=R
Similarly,
Givens Goal
P—(Q—R) -Q
=R
P
By modus ponens,
Givens Goal
P—(Q—R) -Q
=R
P
Q—R

Theorem 3.14. Suppose P — (Q — R). Then R — (P — —Q).

Proof. Suppose —R. Suppose P. Since P and P — (Q — R), it follows that @ — R. But then,
since =R, we can conclude =Q. Thus, P — —@Q. Therefore R — (P — —Q). O
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Example 3.15. Suppose that A C B, a € A, and a € B\ C. Prove that a € C.

Scratch work

Before using strategy:

Givens Goal
ACB aeC
ac A
ag BNC
Note that
agB~C=—-(aeBAagC(C)
=a¢ BVael
=ag€B—acC.
Now
Givens Goal
ACB aeC
ac A

a€B—acC

If we could prove that a € B, then we could use modus ponens to reach our goal.

Givens Goal
ACB a€B
ac A

aeEB—-acC

Theorem 3.16. Suppose that A C B, a € A, and a ¢ B~ C. Prove that a € C.

Proof. Since a € A and A C B, we can conclude that a € B. But a € B \ C, so it follows that
aeC. O

3.3 Proofs Involving Quantifiers

To prove a goal of the form Vx P(z):
Let x stand for an arbitrary object and prove P(x).

Scratch work

Before using strategy:

Givens Goal
— Va P(x)
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After using strategy:

Givens Goal
— P(z)

Form of final proof:

Let x be arbitrary.
[Proof of P(x) goes here.]
Since x was arbitrary, we can conclude that Vz P(x).

Example 3.17. Suppose A, B, and C are sets, and A~ B C C. Prove that AN C C B.
Scratch work
Before using strategy:

Givens Goal
A~BCC(C ANCCRB

After writting out the definition of C:

Givens Goal
ANBCC Ve(re ANC -z €B)

We introduce a new variable x into the proof to stand for an arbitrary object. Then change our
goal:

Givens Goal
A~NBCC rce ANC —z€B
This is equivalent to
Givens Goal
ANBCC(C T €B
reANC
This is equivalent to
Givens Goal
A~BCC T €B
reA
x g C
This is equivalent to
Givens Goal
A~BCC contradiction
reA
g C

r ¢ B
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This is equivalent to

Givens Goal
ANBCC contradiction
re AN B

z¢C

Theorem 3.18. Suppose A, B, and C are sets, and A~ B C C. Prove that AN C C B.

Proof. Let x be arbitrary. Suppose © € AN C. Then z € A and x € C. Suppose x ¢ B. Then
x € AN B. Since AN B C C, z € C, contradicting z ¢ C. Thus, if z € A~ C then x € B. Since x
was arbitrary, we can concludee that Vo (x € ANC — z € B),s0 AN C C B. O

Remark. The problem is exactly the same as in Example 3.12.

Example 3.19. Suppose A and B are sets, Prove that if AN B = A then A C B.
Scratch work

Before using strategy:

Givens Goal
ANB=A Ve(r € A—z € B)

Let x be arbitrary, assume x € A, and prove = € B:

Givens Goal
ANB=A r€B
re A

Theorem 3.20. Suppose A and B are sets, If ANB = A then A C B.

Proof. Suppose AN B = A, and suppose € A. Then since ANB = A,z € ANB, sox € B. Since
x was an arbitrary element of A, we can conclude that A C B. O

To prove a goal of the form Jx P(z):
Try to find a value = for which you think P(z) will be true. Then start your proof with “Let
2 = (the value you decided on)” and proceed to prove P(z) for this value of x.

Scratch work

Before using strategy:

Givens Goal
— Jz P(z)
After using strategy:
Givens Goal

— P(x)
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x = (the value you decided on).
Form of final proof:

Let x = (the value you decided on).
[Proof of P(x) goes here.]
Since x was arbitrary, we can conclude that Vz P(x).

Example 3.21. Prove that for every z € R, if z > 0 then there is a y € R such that y(y + 1) = x.

Scratch work

In symbols, our goal is Vz(x > 0 — Jy[y(y + 1) = x)], where the variables  and y are
understood to range over R. We therefore start by letting  be an arbitrary real number, and we
then assume that > 0 and try to prove that Jy[y(y + 1) = x]. Thus, we now have the following
given and goal:

Givens Goal
x>0 Jyly(ly + 1) = 2]

We try to solving the equation y(y + 1) = z for y.

yy+1) ==z = Vv+y—x=0 = y = —/1lHar \élH”E

Since = > 0, Either of two solutions is a real number and could be used in the proof. Now

Givens Goal
x>0 yly+1) ==z
y = —14+1+4x
= 2

Theorem 3.22. For every real number x, if x > 0, then there is a real number y such that
yy+1) ==

Proof. Let x € R be arbitrary and suppose = > 0. Let

—1++V1+4x
y:feﬂ%.

Then
-1+ 1+ 4x —14++1+4x
yly+1) = 5 ( 5 +1>
VIt dz—1 VI+dz+1
o 2 2
C144x-1
o 4
=T D

To use a given of the form 3z P(z):
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Introduce a new variable z( into the proof to stand for an object for which P(zg) is true. This
means that you can now assume that P(zg) is true. Logicians call this rule of inference existential
instantiation.

To use a given of the form Vz P(x):

You can plug in any value, say a, for x and use this given to conclude that P(a) is true. The

rule is called universal instantiation.

Example 3.23. Suppose F and G are families of sets and F NG # (). Prove that NF C UG.
Scratch work

Givens Goal
FNG#0D Vz(z € NF — x € UG)

Let x be arbitrary, assume x € NF, and prove z € UG.

Givens Goal
FNG#0 z e Ug
x €NF
Then
Givens Goal
JA(Ae FnG) JAe Gz e A
VAe F(x e A
Then
Givens Goal
Ay e F E|A€g(:EGA)
Apeg
VAe F(x e A

Theorem 3.24. Suppose F and G are families of sets and F NG # (. Then NF C UG.

Proof. Suppose x € NF. Since F NG # (), we can let Ag € FNG. Then Ag € F and Ay € G. Since
x € NF and Ay € F, it follows that x € Ag. But we also know that Ay € G, so we can conclude
that z € UG. O

Example 3.25. Suppose B is a set and F is a family of sets. Prove that if UF C B then F C & (B).

Scratch work

Let = be an arbitrary set.

Givens Goal
UFCB Ae Z(B)
AeF
Now
Givens Goal
UFCB ACB

Ae F
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Let y be arbitrary. Then

Givens Goal
UFCB ye B
AeF

ye A

If we knew that y € UF, then the proof will be done.

Givens Goal
UFCB y € UF
AeF

ye A

Theorem 3.26. Suppose B is a set and F is a family of sets. If UF C B then F C Z(B).

Proof. Suppose UF C B. Let A € F be arbitrary, we need to prove A € #(B), i.e., A C B. Let
y € A be arbitrary. Then y € UF. Since UF C B, y € B. Hence A C B, so A € #Z(B). O

Remark. In the proof, we didn’t do any expansion for UF C B.

Definition 3.27. For any z,y € Z, we say = divides y (or y is divisible by x) if Ik € Z (kx = y).
We use the notation z | y to mean “z divides y”. For example, 4 | 20, since 5(4) = 20.

Theorem 3.28. For all integers a, b, and ¢, if a | b and b | ¢ then a | c.

Proof. Let a,b,c € Z be arbitrary. Suppose a | b and b | ¢. Then ma = b and nb = ¢ for some
m,n € Z. Therefore ¢ = bn = nma, so a | ¢ since nm € 7Z. O

3.4 Proofs Involving Conjunctions and Biconditionals

To prove a goal of the form P A Q:

Prove P and @) separately.

To use a given of the form P A Q:

Treat this given as two separate givens: P and Q.

Example 3.29. Suppose A C B and ANC = (. Prove that A C B~ C.

Scratch work

Givens Goal
ACB ACB~NC
ANC =10
Let x be arbitrary.
Givens Goal
ACB re BNC
ANC =10

reA
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Then
Givens Goal
ACB T € B
ANC =10 xgC
reA

Theorem 3.30. Suppose AC B and ANC =0. Then AC B~ C.

Proof. Suppose ¢ € A. Since A C B, x € B. Since ANC = ), we must have x ¢ C. Thus,
x € B~ C. Since x € A is arbitrary, we can conclude that A C B\ C. O

To prove a goal of the form P « Q:

Prove P — @ and (Q — P separately.

To use a given of the form P A Q:

Treat this given as two separate givens: P — @ and Q) — P.

Definition 3.31. z € Z is even if 3k € Z(x = 2k), and x is odd if 3k € Z(x =2k + 1).
Fact 3.32. Every x € Z is either even or odd, but not both.

Example 3.33. Suppose = € Z. Prove that z is even iff 22 is even.

Scratch work

(—)
Givens Goal
x € x? is even
T is even
Then
Givens Goal
rEL 3j € Z(z? = 2j)
Ik € Z(x = 2k)
Then
Givens Goal
rE€EL 3j € Z(2? = 2j)
keZ
=2k
To prove («—): (22 is even) — (z is even), we will prove the contrapositive (z is odd) — (22 is odd)
instead.
Givens Goal
T €L z? is odd
x is odd
Then
Givens Goal
xEL Jj€Z(z?=2j+1)

Ik eZ(z=2k+1)
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Then
Givens Goal
reZ dj€Z(z?=2j+1)
kelZ
z=2k+1

Theorem 3.34. Suppose x € Z. Then x is even iff x° is even.

Proof. (—) Suppose z is even. Then z = 2k for some k € Z. Therefore, 22 = 4k? = 2(2k?), so x>

is even since 2k? € Z.
(«+—) Suppose x is odd. Then z = 2k + 1 for some k € Z. Therefore, 22 = (2k + 1)? =
4k? + 4k + 1 = 2(2k? + 2k) + 1, so 22 is odd since 2k? + 2k € Z. O

Example 3.35. Prove that Vo —P(z) «— —Jx P(x).

Scratch work

(—)
Givens Goal
Va—-P(x) -3y P(y)

We use proof by contradiction.

Givens Goal
Va-P(x) Contradiction
Jy P(y)
(—)
Givens Goal
—Ja P(x) Vy—P(y)
Let y be arbitrary.
Givens Goal
—Jdz P(x) -P(y)

We use proof by contradiction.

Givens Goal
—3Jx P(x) Contradiction
P(y)

Our first given is a negated statement, and this suggests that we could get the contradiction we
need by proving 3z P(x).

Givens Goal
—-Jz P(x) Jz P(x)
P(y)

Theorem 3.36. Vz—P(z) «— -3z P(x).
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Proof. (—) Suppose Vz—P(z). Suppose 3y P(y). Then we can choose some yo such that P(yg) is
true. But since Vo —P(x), we have that = P(yp), contradicting P(yo) is true.

(«) Suppose =3z P(x). Let y be arbitrary. Suppose P(y) is true. Then 3y P(y), contradicting
—Jx P(z). O

Remark. For the backward implication, we use proof by contradiction in the middle of the proof.
Notation 3.37. (a) We use P — R — @ to denote (P — R) A (R — Q).

(b) We use P — R < @ to denote (P < R) A (R < Q).

(c) We use P iff R iff Q to denote (P iff Q) and (R iff Q).

Example 3.38. Suppose A, B, and C are sets. Prove that AN (B~ C)=(ANB)~\C.

Scratch work

The equation AN (B~ C)=(ANB)~C means Ve (x € AN(BNC) <z € (ANB)\(C).
Note that for any =,

reAN(B\C)«—z e ANz eB~\C——zc ANz eEBANxgC(C
re€(ANB)\C+—z2xe ANBAzgC+——ax e ANz e BNz ¢&C.
Theorem 3.39. Suppose A, B, and C are sets. Then AN (B\C)=(ANB)\C.
Proof. Let x be arbitrary. Then
reAN(BNC)—ax e ANz e B\C
—x€ANTEBANxEC

—zxe(ANB)Ax g C
—ze(ANnB)~C.

Thus,
Ve(xe AN(BNC))«—ze€(ANB)\C,

so AN(BNC)=(AnB)\C. O
Example 3.40. Prove that for any a,b € R,
(a+b)? —4(a—b)* = (3b — a)(3a — b).

Multiplying out both sides gives us:

(a+b)?—4(a—b)? =a® + 2ab+ b* — 4(a* — 2ab + b?)
= —3a” 4 10ab — 3b*
(3b — a)(3a — b) = 9ab — 3a> — 3b> + ab
= —3a” 4 10ab — 3b*.
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Theorem 3.41. For any a,b € R,
(a+b)* —4(a—b)? = (3b—a)(3a — b).
Proof. Let a,b € R be arbitrary.
(a+b)?—4(a—b)* = a® + 2ab+ b* — 4(a* — 2ab + b?)

= —3a® + 10ab — 3b°

= 9ab — 3a® — 3b*> + ab

= (3b —a)(3a —b). O
Theorem 3.42. Fro everyn € Z, 6 | n iff 2 | n and 3 | n.

Proof. Let n € Z be arbitrary.

(—) Suppose 6 | n. Then 3k € Z(6k = n). Therefore n = 6k = (3k)(2) = (2k)3. Since
2k,3k € Z, 2| nand 3| n.

(<) Suppose 2 | n and 3 | n. Then 3j € Z(n = 2j) and Ik € Z(n = 3k). Therefore,
6(j —k) =65 —6k=3(24) —2(3k) =3n—2n=n, s0 6 | n. O

3.5 Proofs Involving Disjunctions

To use a given of the form PV Q:
Break your proof into cases: For case 1, assume that P is true and use this assumption to prove
the goal. For case 2, assume () is true and give another proof of the goal.

Scratch work

Before using strategy:

Givens Goal
PvQ —
After using strategy:
Case 1: Givens Goal
P _
Case 2: Givens Goal
Q _

Form of final proof:

Case 1. P is true.
[Proof of goal goes here.]
Case 2. @ is true.
[Proof of goal goes here.]
Since we know P V @, these cases cover all the possibilities. Therefore the goal must be true.
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Example 3.43. Suppose that A, B, and C' are sets.

AuBCC.

Scratch work

CHAPTER 3. PROOFS

Prove that if A C C and B € C then

We assume A C C' and B C C and prove AU B C C. Writing out the goal using logical symbols

gives us the following givens and goal:

Givens Goal
ACC Ve(re AUB —z€(C)
BCC

Let x be arbitrary, assume x € AU B, and try to prove z € C.

Givens
ACC
BCC

reAVzeB

For the first case we assume x € A.

Givens
ACC
BCC
reA

For the second case we assume z € B.

Givens
ACC
BCC
r€B

Goal
zeC

Goal
reC

Goal
reC

Theorem 3.44. Suppose that A, B, and C are sets. If AC C and B C C then AUB CC.

Proof. Suppose A C C and B C C, and x € AU B be arbitrary. Then either z € A or x € B.
Case 1. x € A. Then since AC C, x € C.
Case 1. x € B. Then since BC C, z € C.
These cases cover all the possibilities, so we can conclude that z € C, so we can conclude that
x € C. Since x € AU B is arbitrary, AUB C C. O

Remark. The cases must be exhaustive, but they need not be exclusive.

To prove a goal of the form PV Q:
Break your proof into cases: In each case, either prove P or prove Q.

Example 3.45. Suppose that A, B, and C are sets. Prove that AN (B~ C) C (AN B)UC.
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Scratch work

Let x be arbitrary, assume x € A \ (B~ (), and try to prove z € (A~ B)UC.

Givens Goal
r€AN-(xeBAxgC) (reAnzgB)Va el

After using one of DeMorgan’s laws:

Givens Goal
xeA (reAnzgB)va el
x¢BVvVzel

For the first case we assume = € B.

Givens Goal
reA (xre ANz gB)Vz el
r ¢ B

For the first case we assume z € C.

Givens Goal
reA (xre ANz gB)Vz el
relC

Theorem 3.46. Suppose that A, B, and C are sets. Then AN (B~ C)C (ANB)UC.
Proof. Suppose x € AN (B~ C). Then z € A and z ¢ B \ C. Note that

rg€B~NC==(zxe B\C)
=-(reBAx ()
=x¢BvzeCl.

Hence either x € B or x € C.
Case 1. x ¢ B. Then sincex € A, x € ANB,sox € (AN B)UC.
Case 2. x € C. Then clearly z € (AN B)UC.
Since z € A\ (B~ C) was arbitrary, we can conlude that A~ (B~ C)C (AN B)UC. O

Remark. Sometimes you may find it useful to break a proof into cases even if the cases are not
suggested by a given of the form PV Q.

Example 3.47. Prove that for every 2 € Z, the remainder when 22 is divided by 4 is either 0 or 1.

Scratch work

Givens Goal
€L (22 = 4 has remainder 0) V (2% + 4 has remainder 1)
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Trying out a few values for z:
2

CHAPTER 3. PROOFS

remainder of 2 + 4

x x quotient of x2 + 4
1 1 0 1
2 4 1 0
3 9 2 1
4 16 4 0
5 25 6 1
6 36 9 0
Case 1:
Givens Goal
T €L 22 + 4 has remainder 0
Jk € Z(x = 2k)
Case 2:
Givens Goal
T EL 22 = 4 has remainder 1

Ik € Z(x =2k +1)

Theorem 3.48. For cvery x € Z, the remainder when 2 is divided by 4 is either 0 or 1.

Proof. Suppose x is an integer.

Case 1. x is even. Then 3k € Z(z = 2k), so 2 = 4k?. Clearly the remainder when x? is

divided by 4 is 0.

Case 2. x is odd. Then 3k € Z(x = 2k + 1), so 2* = 4k? + 4k + 1. Clearly in this case the

remainder when z? is divided by 4 is 1.

To prove a goal of the form PV Q:

O

If P is true, then clearly the goal P V @ is true, so you only need to worry about the case in
which P is false. You can complete the proof in this case by proving that @ is true.

Scratch work

Before using strategy:

Givens

After using strategy:

Givens

-P
Form of final proof:

If P is true, then of course PV Q is true.
[Proof of @ goes here.]
Therefore P V Q@ is false.

Goal
PvQ

Goal

Now suppose P is false.
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Example 3.49. Prove that for every z € R, if 22 > x then either z < 0 or z > 1.

Scratch work

Givens Goal
2> r<0Vvz>1
Assume z > 0.
Givens Goal
2>z =1
x>0

Theorem 3.50. For every x € R, if 22 > x then either x <0 or z > 1.

Proof. Suppose z? > x. If x < 0, then of course < 0 or z > 1. Now suppose z > 0. Then we
can divide both sides of the inequality 2>z by x to conclude that z > 1. Thus, either x < 0 or
x> 1. O

To use a given of the form PV Q:

If you are given =P, then (). If you are given =), then P.

We end this section with a proof for you to read without the benefit of a preliminary Scratch
work analysis.

Theorem 3.51. Suppose m,n € Z. If mn is even, then either m is even or n is even.

Proof. Suppose mn is even. Then 3k € Z(mn = 2k). If m is even then there is nothing more
to prove, so suppose m is odd. Then 3j € Z(m = 25 + 1). Substituting this into the equation
mn = 2k, we get (2j + 1)n = 2k, so 2jn + n = 2k, and therefore n = 2k — 2jn = 2(k — jn). Since
k — jn € Z, it follows that n is even. O

3.6 Existence and Uniqueness Proofs

In this section we consider proofs in which the goal has the form 3!x P(x), which is equivalent to

S (P(x) A -3y (P(y) Ay # ).

Note that
—3y(P(y) Ny # z) «— Vy=(P(y) Ny # )
«——Vy(=P(y)Vy =72)
——Vy(P(y) = y=u)
Thus,

Az P(z) «— Jz(P(x) A\Vy(Ply) — y =x)).
As the next example shows, several other formulas are also equivalent to 3!z P(x).

Example 3.52. Prove that the following formulas are equivalent.



54 CHAPTER 3. PROOFS

(a) Jz(P(z) AVy(P(y) — y = x)).
(b) JaVy(P(y) <y =1).
(¢) 3z P(x) AVyVz((P(y) A P(2)) — y = 2).

Scratch work
(a) — (b)
Givens Goal

P(xo) JaVy(P(y) < y==z)
Vy(P(y) — y = o)

(b) — (¢)

Givens Goal
Vy(P(y) <y = o) JaP(z)
VyVz((P(y) A P(z) =y =2)

For the first goal, consider xy and let y = x¢ in the given, then P(zg) < xo = zo. Of course,
xo = T is true, so by the « direction of the biconditional, we get P(z).
For the second goal, we let y and z be arbitrary, assume P(y) and P(z), and try to prove y = z.

Givens Goal
Vy(P(y) < y = ) y==z

P(y)

P(z)

By the first and the second given, we get y = x¢. By the first and the third given, we get z = xg.
Thus, y = z.

(€) — (a).

Givens Goal
P(z0) P(xo) ANVy(P(y) — y = x0)
VyVz((P(y) A P(z) =y ==z)

We already know the first half of the goal, so we only need to prove the second. Let y be arbitrary,
assume P(y), and make y = xy our goal.

Givens Goal
P(x) Yy = xo
VyVz((P(y) A P(2)) =y =2)
P(y)

Theorem 3.53. The following formulas are equivalent.
(a) Jz(P(x) NVy(Py) — y = z)).
(b) JxvVy(P(y) <y ==).
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(¢) xP(z) A\VyVz((P(y) A P(2)) =y = 2).

Proof. (a) — (b) By statement (a), we can let xg be some object such that P(x¢) and Vy (P(y) —
y = x0). To prove statement (b) we will show that Yy (P(y) < y = x9). We already know the
— direction. For the «— direction, suppose y = x¢. Then since we know P(z(), we can conclude

P(y).

(b) — (c¢) By statement (b), choose xo such that Vy(P(y) <> y = x). Then, in particular,
P(xzg) «— x9 = x0, and since clearly zo = xo, it follows that P(x¢) is true. Thus, Jx P(z). To
prove the second half of statement (c), let y and z be arbitrary and suppose P(y) and P(z). Then
by our choice of zy, it follows that y = xg and z = z¢, so y = z.

(¢) — (a) By the first half of statement (c), let 29 be some object such that P(xg). Statement
(a) will follow if we can show that Vy (P(y) — y = xo), so suppose P(y). Since we now have both
P(zp) and P(y), by the second half of statement (c) we can conclude that y = g, as required. O

To prove a goal of the form Jlz P(z):
Prove 3z P(x) and VyVz ((P(y) A P(z)) — y = 2).

Form of final proof:

Existence: [Proof of 3zP(x) goes here.]
Uniqueness: [Proof of VyVz ((P(y) A P(z)) — y = z) goes here.]

Example 3.54. Prove that there is a unique set A such that for every set B, AU B = B.

Scratch work

Our goal is
JIAVB(AUB = B).

For the existence of the proof, let A = ), then the goal becomes
VB(0UB = B).
For the uniqueness, we prove
YCVD(P(C)AP(D)— C=D),
where

P(C)=VB(CUB=1B),
P(D)=VB(DUB = B),
Let C, D be arbitrary. Then
Givens Goal
VB(CUB = B) C=D
VB(DUB = B)

Let B = D in the first given, then we get C U D = D. Let B = C' in the first given, then we get
DuUC =C. But clearly CUD = DUC. The goal C' = D follows immediately.
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Theorem 3.55. There is a unique set A such that for every set B, AUB = B.

Proof. Existence: Clearly VB(() U B = B), so §) has the required property.

Uniqueness: Let C, D be arbitrary sets. Suppose VB(CUB = B) and VB(DUB = B). Applying
the first of these assumptions to D we see that C' U D = D, and applying the second to C' we get
DuUC =D. But clearly CU=DUC, so C=D. O

To prove a goal of the form Jx P(x):
Prove 3z (P(x) AVy(P(y) — y = z)).

Example 3.56. Prove that for every x € R, if x # 2 then there is a unique y € R such that
2y/(y+1) ==z
Scratch work

Let € R be arbitrary.

Givens Goal
T #2 Iy (2y/(y+1) =2)

The goal is of the form 3ly P(y), where P(y) = “(2y/(y + 1) = z)”. The goal is equivalent to
y(P(y) AV2(P(z) — 2 =y)),

ie.,
JyRy/(y+1)=xAVz(2z/(z+1) =2 — z =1y)).
Then
Givens Goal
x # 2 JyRy/(y+1)=aAV22z/(z+1) =2 — 2z =1y))

We solve the equation 2y/(y + 1) = x for y:

=T = wy=ay+l) = y2-a)=z =  y=35
Now
Givens Goal
2
x#2 T+y1:$

The first goal is easy to verify by simply plugging in z/(2 — z) for y. For the second, we let z be
arbitrary, assume 2z(z + 1) = z, and prove z = y:

Givens Goal
Y=
z2+zl =T

We can shoe that z = y now by solving for z in the third given:

2z
z+1

=z = 2z=2x(z+1) = z2—z)==x = z=5= =y
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Theorem 3.57. For every x € R, if x # 2 then there is a unique y € R such that 2y/(y + 1) = «.
Proof. Let © € R \ {2} be arbitrary. Let y = /(2 — ), which is defined since = # 2. Then

2z 2z
2y 2—x 2—x 2x

y+1 =1 2 2

To see that this solution is unique, suppose 2z/(z + 1) = . Then 2z = z(z + 1), so 2(2 — z) = z.
Since x # 2 we can divide both side by 2 — x to get z = 2/(2 — x) = y. O

To use a given of the form 3z P(x):
Treat this as two given statements, 3z P(z) and VyVz ((P(y) A P(z)) — y = z).

Example 3.58. Suppose A, B, and C are sets, ANB =0, ANC # (), and A has exactly one
element. Prove that BN C # ().

Scratch work

Givens Goal
ANB#10 BNC#0
ANC#0
Iz (z € A)

We treat the last given as two separate givens, and write out the meanings of the other givens and
the goal.

Givens Goal
dz(x € ANz € B) Jz(x e BAz € ()
Jzx(x e ANz eC)
dz(z € A)

VyWVz(ye ANzeA) —y=2z)

The first given tells us that we can choose b such that b € A and b € B. The second given tells us
that we can choose ¢ such that ¢ € A and ¢ € C. Then b € A and ¢ € A. The last given says that
b=c. Since b € B and b = c € C, we prove the goal.

Theorem 3.59. Suppose A, B, and C are sets, ANB # 0, ANC # 0, and A has ezactly one
element. Prove that BN C # .

Proof. Since AN B # 0, we can let b be such that b € A and b € B. Since ANC # 0, there is a c
such that ¢ € A and ¢ € C. Since A only has one element, we must have b = c¢. Thusb=ce€ BNC
and therefore BN C # . O
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Chapter 4

Relations

4.1 Ordered Pairs and Cartesian Products

Definition 4.1. Suppose A and B are sets. Then the Cartesian product of A and B, denoted
A x B, is defined by
Ax B={(a,b) |a€ Aand b € B}.

Example 4.2. (a) If A = {red, green} and B = {2,3,5}, then
A x B ={(red,2), (red, 3), (red, 5), (gree, 2), (gree, 3), (gree, 5)}.

(b) If P is the set of all people, then

P xN={(p,n) | pis a person and n is a natural number}.
()

R?:=R x R = {(2,9) |  and y are real numbers}.

These are the coordinates of all the points in the plane.
Theorem 4.3. Suppose A, B, C and D are sets.
(a) Ax (BNC)=(AxB)Nn(AxC).
(b)) Ax(BUC)=(AxB)U(AxC).
(¢c) (AxB)N(C xD)=(ANnC) x (BN B).
(d) (Ax B)U(C xD)C (AUC) x (BUD).
(e) AxD=0xA=0.

Proof. (a) C Let p:= (x,y) € Ax (BNC) be arbitrary. Then x € Aandy € BNC, and so y € B
and y € C. Hence (z,y) € A x B and (z,y) € A x C. Thus, (z,y) € (A x B)N (A x C). Since
p € AX (BNC) was arbitrary, A x (BNC) C (Ax B)N(Ax C).

D Let p:= (z,y) € (A x B)N (A x C) be arbitrary. Then (z,y) € A x B and (x,y) € A x C,
sox € A,y € Band y € C, and hence y € BNC. Thus, p = (z,y) € A x (BNC). Since
p € (A x B)N (A x C) be arbitrary, (BNC) 2 (A x B)N (A x C).

59
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(d) C Let (z,y) € (A x B)U(C x D) be arbitrary. Then either (z,y) € A x B or (z,y) € C x D.

Case 1. (x,y) € Ax B. Then z € A and y € B, so clearly € AUC and y € BU D. Therefore
(z,y) € (AUC) x (BUD).

Case 2. (z,y) € Cx D. Thenz € C and y € D, so clearly z € AUC and y € BUD. Therefore
(x,y) € (AUC) x (BUD,).

Since (x,y) € (A x B)U (C x D) was arbitrary, (A x B)U(C x D) C (AUC) x (BU D).

(e) Suppose that A x ) # 0. There exists (z,y) € A x 0, so z € A and y € ), contradicting () has
no elements. O

Theorem 4.4. Suppose A and B are sets. Then A x B = B x A if and only if either A = (),
B=10, or A= DB.

Proof. (—) Suppose A x B = B x A. If either A = () or B = (), then there is nothing to prove, so
suppose A # () and B # (). We will show that A = B.

C Let x € A be arbitrary. Since B # (), we can choose some y € B. Then (z,y) € AxB = BX A,
so x € B. Thus, A C B.

D Let ¢ € B be arbitrary. Since A # (), we can choose some z € A. Then (z,2) € BxA = AX B,
sox € A. Thus, A D B.

(«) Suppose either A =0, B=10, or A= B.

Case 1. A=(. Then Ax B=0xB=0=Bx0)=BxA.

Case 2. B=0. Then Ax B=Ax0=0=0x A= B x A.

Case 3. A=B. Then Ax B=Ax A= B x A. O

Definition 4.5. Suppose P(z,y) is a statement with two free variables in which x ranges over a
set A and y ranges over another set B. Then A x B is the set of all assignments to x and y that
make sense in the statement P(z,y). Also,

truth set of P(x,y) = {(a,b) € Ax B | P(a,b)}.

Example 4.6. What are the truth sets of the following statements?

(a) “x has y children”, where x ranges over the set P of all people and y ranges over N.
{(p,n) € P x N | the person p has n children}.

Note that the size of the true set is equal to the size of P, because for a given person, he or she can
only have the fixed number of children.

(b) “x is located in y”, where x ranges over the set C of all cities and y ranges over the set N of
all countries.

{(z,y) € C x N | the city c is located in the country n}.

(¢) “y=2x — 3", where z and y range over R.

{(z,y) e RxR |y =2z — 3}.
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4.2 Relations

Definition 4.7. Suppose A and B are sets. Then a set R C A x B is called a relation from A to
B.

Example 4.8. If a free variable x ranges over A and a free variable y ranges over B, then the truth
set of any statement P(z,y) will be a relation from A to B.

Example 4.9. Here are some examples of relations from one set to another.

(a) Let A = {1,2,3}, B = {3,4,5}, and R = {(1,3),(1,5),(3,3)}. Then R C Ax B, so Ris a
relation from A to B.

(b) Let G ={(x,y) e R xR | x> y}. Then G is relation from R to R.

(c) Let A={1,2} and B=P(A) = {0,{1},{2},{1,2}}. Let E = {(z,y) € Ax B |z € y}. Then
E is a relation from A to B. In this case, F = {(1,{1}),(1,{1,2}),(2,{2}), (2,{1,2})}.

For the next three examples, let S be the set of all students at your school, R the set of all dorm
rooms, P the set of all professors, and C' the set of all course.

(d) Let L = {(s,7) € S x R | the student s lives in the dorm room r}. Then L is a relation from
S to R.

(e) Let E = {(s,c) € S x C'| the student s is enrolled in the course c¢}. Then E is a relation from
Sto C.

(f) Let T = {(c,p) € C x P | the course c is taught by the professor p}. Then T is a relation from
C to P.

Definition 4.10. Suppose R is a relation from A to B. Then the domain of R is the set
Dom(R) ={a € A|3be B((a,b) € R)}.
The range of R is the set
Ran(R) ={b € B |3Ja € A((a,b) € R)}.
The inverse of R is the relation R~! from B to A defined as follows:
R™' ={(b,a) € Bx A| (a,b) € R}.

Finally, suppose R is a relation from A to B and S is a relation from B to C. Then the composition
of S and R is the relation S o R from A to C defined as follows:

SoR={(a,c)e AxC|3be B((a,b) € R and (b,c) € 5)}.

Note that we have assumed that the second coordinates of pairs in R and the first coordinates of
pairs in S both come from the same set.

Example 4.11. Let S, R, C, and P be the sets of students, dorm rooms, course, and professors
at your school. Let L, E, and T be the relations defined in parts (d)-(f) of Example 4.9. Describe
the following relations.
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E1 (¢,8) e Cx S| (s,c)e€E}

)
(e,

{
{(¢,s) € C' x S| the student s is enrolled in the course c}.

(b) Because L~! is a relation from R to S and F is a relation from S to C, E o L™! will be a
relation from R to C defined as follows.

EoL '={(r,c) e RxC|3scS((r,s) € L' and (s,c) € E)}
{(r,c) e Rx C|3s € S((s,r) € Land (s,c) € E)}
{(r,¢) € R x C'| 3s € S(the student s lives in the dorm

room r and is enrolled in the course c)}.

(c) Because E is a relation from S to C' and E~! is a relation from C to S, E~1 o E is the relation
from S to S defined as follows.

E'oE={(s5,t)€SxS|3ceC((s,c) € Eand (c,t) € E™')}

{(s,t) € S xS |Ts € S((s,¢) € Eand (t,c) € E)}

{(s,t) € S x S| s € S(the student s is enrolled in the
course ¢, and so is the student t)}

={(s,t) € S x S | there is some course that the student s

and ¢ are both enrolled in}.

(d) Because E~! is a relation from C to S and E is a relation from S to C, Eo E~! is the relation
from C to C defined as follows.

EoE'={(c,d) e CxC|3s€S((c,s) € E7' and (s,d) € E)}
{(¢,d) e CxC|3s € S((s,c) € Eand (s,d) € E)}
{(¢,d) € C x C | s € S(the student s is enrolled in the

course ¢, and he is also enrolled in the course d)}

={(c¢,d) € C x C'| there is some student who is enrolled in
both of the courses ¢ and d}.

(e) We saw in part (b) that Eo L1 is a relation from R to C, and T is a relation from C to P, so
T o (E o L™1) is the relation from R to P defined as follows.

To(EoL™')={(r,p)€Rx P|3ce((r,c)c EocL " and (c,p) € T)}

={

= {(r,p) € R x P | 3¢ € C(some student who lives in the room 7 is enrolled in the
course ¢, and ¢ is taught by the professor p)}

= {(r,p) € R x P | some student who lives in the room r is enrolled in some course

taught by the professor p}.
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(f) Note that L1 is a relation from R to S, and T o E is a relation from S to P, so (T'o E)o L~!
is the relation from R to P defined as follows.

(ToE)oL™*

(r,p) € Rx P|3s€ S((r,s) € L™ and (s,p) € T o E)}
(r,p) e Rx P|3se S((s,r)€ L and (s,p) e ToE)}
(r,p) € R x P | 3s € S(the student s lives in the room r, and is enrolled

{
{
{
in some course taught by the professor p)}

= {(r,p) € R x P | some student who lives in the room r is enrolled in some

course taught by the professor p}.

Theorem 4.12. Suppose R is a relation from A to B, S is a relation from B to C, and T is a
relation from C to D. Then

(a) (R)™" =R.

(b) Dom(R~1) = Ran(R).

(c) Ran(R™!) = Dom(R).

(d) To(SoR)=(ToS)oR.
(e) (SoR)™ =R 10571,

Proof. (a) Note that R~! is a relation from B to A, so (R~1)~! is a relation from A to B, just like
R. To see that (R™!)™! = R, let (a,b) € A x B be arbitrary. Then

(a,b) € (R™Y) 7V iff (b,a) € RV iff (a,b) € R.

(b) Note that Dom(R~1) C B and Ran(R) C B. Let b € B be arbitrary. Then

b€ Dom(R™Y) iff Ja € A((b,a) € R7') iff Ja € A((a,b) € R) iff b € Ran(R).

(d) Clearly T o (So R) and (T o S) o R are both relations from A to D. Let (a,d) € A x D be
arbitrary. We will prove that T o (So R) = (T o S) o R.

C Suppose that (a,d) € T o (S o R). Then there exists some ¢ € C such that (a,c) € So R and
(¢,d) € T. Since (a,c) € S o R, there exists some b € B such that (a,b) € R and (b,c) € S. Now
since (b,c) € S and (¢,d) € T, (b,d) € ToS. Since (a,b) € R and (b,d) € To S, (a,d) € (ToS)oR.

D Suppose that (a,d) € (T o S) o R. A similar argument shows that (a,d) € T o (S o R).
Thus, To (SoR)=(ToS)oR. O

4.3 More About Relations

Notation 4.13. If R is a relation from A to B, x € A and y € B, we use xRy to mean (z,y) € R.

Example 4.14. z <y, z €Y, and x C y, where <, €, and C are relations.
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Example 4.15. Asin the Example 4.9(d), for any student s and dorm room r, sLr means (s,r) € L,
or in other words, the student lives in the dorm room r.

Definition 4.16. Suppose R is a relation from A to B and S is a relation from B to C'. Then the
composition of S and R is the relation S o R from A to C defined as follows:
SoR={(a,c) e AxC|3be B((a,b) € R and (b,c) € S)}
={(a,c) € Ax C|3be B(aRb and bSc)}.

Notation 4.17. Let A ={1,2,3}, B = {3,4,5}, and R = {(1,3),(1,5),(3,3)}. We use a figure to
shows the relation R from A to B.

Figure 4.1

In the figure, each of these sets is represented by an oval, with the elements of the set represented
by dots inside the oval. Each ordered pair (a,b) € R is represented by an arrow from the dot
representing a to the dot representing b. The dots representing the elements of A and B in such a
picture are called wvertices, and the arrows representing the ordered pairs in R are called edges.

You could find the domain of R by locating those vertices in A that have edges pointing away
from them. The range of R would consist of those elements of B whose vertices have edges pointing
toward them. For the relation R shown in Figure 1, we have Dom(R) = {1, 3} and Ran(R) = {3,5}.
A picture of R~! would look just like a picture of R but with directions of all the arrows reversed.

Figure 4.2
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Consider again the relations E and T from Example 4.9(e) and (f), Figure 4.3 shows what part
of both relations might look like.

S C P
E T
Biology 12
Joe Sinith e > e > ¢ Prof. Evans
English 24
Peter Jones ® T~ e » o Profl. Lewis
Math 21
Mary Edwards e \‘,‘ ° > ¢ Profl Andrews
Ma;
[ )
Figure 4.3

According to the definition of composition,

ToFE={(s,p) € SxP|3ce C(sEcand cTp)}
={(s,p) € S x P|3c e C(in Figure 4.3, there is an arrow
from s to ¢ and an arrow from c to p)}
={(s,p) € S x P | in Figure 4.3, you can get from s to p in

two steps by following the arrows}.

For example, starting at the vertex labeled Mary Edwards, we can get to Prof. Andrews in two
steps (going by way of either Math 21 or Math 13), so (Mary Edwards, Prof. Andrews) € T o E.

Definition 4.18. Let A be a set. If R C A x A, then R is a (binary) relation on A.
Example 4.19. (a) The relation G in Example 4.9(b) is a reltion on R.

(b) The relation E~! o E from Example 4.11(c) is a relation on S, and the relation E o E~! from
Example 4.11(d) is a relation on C.

Example 4.20. We have the following examples.
(a) Let A={1,2} and B="P(A). Then S = {(z,y) € B x B |z C y} is a relation on B.

(b) Let A be a set. Then iy = {(z,y) € AXx A |z =y} = {(z,2) | x € A} is a relation
on A. Tt is sometimes called the identity relation on A. For example, if A = {1,2,3}, then

g = {(17 1)’ (272)7 (3’ 3)}

(c) Forr e RT, D, = {(z,y) e R xR ||z —y| < r} is a relation on R.
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Notation 4.21. Suppose R is a relation on a set A. To draw a picture of R, we draw just one
copy of A and then connect the vertices representing the elements of A with edges to represent the
ordered pairs in R. For example, Figure 4.4 shows a picture of the relation S from Example 4.20(a).

C\{L?}

N
N
G

Figure 4.4

[ )

—~—
[N}
—

0

Picture like the one in Figure 4.4 are called directed graphs. Edges that go from a vertex to
itself are called loops. In fact, in Figure 4.4, there is a loop at every vertex.

Definition 4.22. Suppose R is a relation on A.

(a) R is said to be reflexive on A if Vo € A(zRx).

(b) R is symmetric if Vx € AVy € A(xRy — yRx).

(¢) R is transitive if Vo € AVy € AVz € A((xRy ANyRz) — xRz).

Remark. If R is reflexive on A, then the directed graph representing R will have loops at all
vertices. If R is symmetric, then whenever there is an edge from « to y, there will also be an edge
from y to x. If R is transitive, then whenever there is edge from x to y and y to z, there is also an
edge from z to z.

Example 4.23. (a) Is the relation G from Example 4.9(b) reflexive? Is it symmetric? Transitive?
There is a x such that x ¥ x, so G is not reflexive. There is x € R and y € R such that z > y
and y # x, so G is not symmetric. It is transitive because Vo € RVy € RVz e R((z > y Ay >
z) = x> z).
(b) Are the relations in Example 4.20 reflexive, symmetric, or transitive?
In Example 4.20(a), S is reflexive, not symmetric, and transitive.
In Example 4.20(b), S is reflexive, symmetric, and transitive.

In Example 4.20(c), S is reflexive and symmetric. It is not transitive, because for z = aq,
y = a+ 2r/3, and z = a + 4r/3, we have that |[x —y| = 2r/3 < r, [y—2z| = 2r/3 < r, but
|z — 2| =4r/3 > r.
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Theorem 4.24. Suppose R is a relation on a set A.

(a) R is reflexive iff ia C R, where ia is the identity relation on A.
(b) R is symmetric iff R = R™!.

(c) R is transitive iff Ro R = R.

Proof. (b) (—) Suppose R is symmetric. Let (z,y) € R be arbitrary. Then xRy, so yRx since R
is symmetric, and hence (y,z) € R. Hence (z,y) € R~! by the definition of R~!. Since (z,y) was
arbitrary, R C R~!. On the other hand, let (x,y) € R~! be arbitrary. Then (y,z) € R, and so
(x,y) € R since R is symmetric. Since (z,y) was arbitrary, R~! C R. Thus, R = R~!.

(«) Suppose that R = R~!. Let x,y € A be arbitrary. Suppose xRy. Then (z,y) € R = R},
so (y,x) € R, and hence yRx. Thus, Vo € AVy € A(xRy — yRzx). O

4.4 Ordering Relations

Definition 4.25. Suppose R is a relation on a set A. Then R is said to be antisymmetric if
Ve € AVy € A((xRy ANyRzx) — z =y).

Example 4.26. We have the following examples.

(a) Let L = {(z,y) € RxR |z < y}. Then L is antisymmetric because for any z,y € A, if x <y
and y < x, we must have = = y.

(b) The relation S = {(z,y) € B x B |« C y} from Example 4.20(a) is antisymmetric.

Definition 4.27. Suppose R is a relation on a set A. Then R is called a partial order on A if it is
reflexive, transitive, and antisymmetric. It is called a total order on A if it is a partial order, and
in addition it has the following property:

Ve € AVy € A(zRy V yRzx).

Example 4.28. The relations L and S from Example 4.26 are both partial orders. L is total order
because for any x,y € R, either x < y or y < x. S is not a total order because we have that

{1} {2} and {2} Z {1}.
Example 4.29. Which of the following relations are partial orders? Which are total orders?
(a) Let A be any set, B ="P(A), and S = {(x,y) € Bx B |z C y}.

From 4.23(b), S is reflexive and transitive. From Example 4.26, S is antisymmetric. Hence S is
a partial order. Similar to Example 4.28, S is not a total order.

(b) Let A={1,2} and B = P(A). Let
R = {(z,y) € B x B |y has at least as many elements as x}

= {(0,0), (0, {1}), (0,{2}), (0, {1, 2}), ({1}, {1}), ({1}, {2}), ({1}, {1,2}),
({2}, {1}), ({2}, £21), ({2}, {1, 2}), ({1, 2}, {1,2D) }.

Note that ({1},{2}) € R and ({2}, {1}) € R, but {1} # {2}. Thus, R is not antisymmetric, so
it is not a partial order.
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(¢) D ={(z,y) € Z* x Z* | z divides y}.

Note that D is reflexive, transitive, and antisymmetric, so D is a partial order. D is not a total
order because (3,5) ¢ D and (5,3) & D.

(d) G={(z,y) eRxR |z >y}

Note that D is reflexive, transitive, and antisymmetric, so D is a partial order. D is total order
because for any z,y € R, either x > y or y > .

Definition 4.30. Suppose R is a partial order on a set A, B C A, and b € B. Then b is
called an R-smallest element of B if Vo € B(bRx). It is called an R-minimal element of B if
-3z € B(xRbAx # D).

Example 4.31. (a) Let L = {(z,y) e RxR |z < y}. Let B={x € R|z > 7}. What are the
L-minimal elements and L-smallest elements of B. What about the set C = {x e R | z > 7}.

Clearly, 7 < z for every x € B, so Vo € B(7Lx), thus 7 is an L-smallest element of B. 7 is also
an L-minimal element because =3z € B(x < 7 Ax # 7). There are no other smallest or minimal
elements.

C has no L-smallest or L-minimal elements.
(b) Let D = {(x,y) € Z* x ZT | z divides y}. Let B = {3,4,5,6,7,8,9}. Does B have any
D-smallest or D-minimal elements?

Since 33 € B((3 ]| 6) A3 # 6) and 33 € B((3 ] 9) A3 # 9), 6 and 9 are not minimal. Since
34 € B((4|8) A4 #8), 8 is not minimal. Since =3z € B((x | 5) Az # 5), 5 is minimal. Similarly,
3 and 7 are minimal.

Since there is no b € B such that b | « for any « € B, i.e., there is no b € B such that
Va € B(bDz), B has no smallest element.
Theorem 4.32. Suppose R is a partial order on a set A, and B C A.

(a) If B has a smallest element, then this smallest element is unique.

(b) Suppose b is the smallest element of B. Then b is also a minimal element of B, and it is the
only minimal element.

(¢) If R is a total order and b is a minimal element of B, then b is the smallest element of B.

Proof. (a) Suppose b and ¢ are smallest elements of B. Then Vz € B(bRx) and Yy € B(cRy).
Hence in particular, bRc and cRb. Since R is a partial order, it is antisymmetric, so b = c.

(b) To show b is minimal, we need to show that -3 € B(xRbAx # b). By quantifier negation law,
it is equivalent to show that Vo € B (—xRbV = = b), which is equivalent to Vo € B(zRb — z = b).
Let x € B be arbitrary. Suppose that zRb. Since b is the smallest element of B, bRx. Now by
antisymmetry it follows that x = b. Thus, b is a minimal element.

Suppose c is also a minimal element. Since b is the smallest element of B, bRc. Suppose that
b # ¢, then 3b € B (bRc Ab # ¢), contradicting the minimality of ¢. Thus, b = c.
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(c) We need to show that Vo € B(bRz). If Let © € B be arbitrary. If = b, then since R is
reflexive, bRx, and we are done. Now suppose x # b. Since R is a total order, we have that either
xRb or bRx. Suppose zRb, then 3z € B(zRb A x # b), contradicting the minimality of b. Thus,
bRx. O

Example 4.33. (a) Find the smallest set of real numbers X such that 5 € X and for all real
numbers x and y, if x € X and x < y then y € X.

Let B=P(R) and R = {(x,y) € Bx B |z Cy}. Then R is a partial order on B. Let
F={XCR|beXAVzeRVyecRzeXAz<y—yecX)}

Then F C B. Let A={y € R |y >5}. Let X € F be arbitrary. We will show that A C X.

Let y € A, theny > 5. If y = 5, then y = 5 € X. Assume now that y > 5. Since 5 € X and
5 < y, we have that y € X by the property of X. Hence A C X. Thus, VX € F(AC X), so A is
the R-smallest element of F.

(b) Find the smallest set of real numbers X such that X # @) and for all real numbers x and y, if
z € X and x < y then y € X.

Let B=P(R) and R = {(x,y) € Bx B |z C y}. Then R is a partial order on B. Let
F={XCR|X#DandVzeRVyeR(ze XAz <y—yecX)}

Then F C B. Then {1} € F since -3z € F(z C {1} Az # {1}). Hence {1} is a minimal
element of F. Similarly, {2} is a minimal element of . Hence F have no smallest elements by
Theorem 4.32(b).

Definition 4.34. Suppose R is a partial order on A, B C A, and a € A. Then a is called a lower
bound for B if Vo € B(aRz). Similarly, it is an upper bound for B if Vx € B(xRa).

Definition 4.35. Suppose R is a partial order on A, and B C A. Let U be the set of all upper
bounds for B, and L the set of all lower bounds. If U has a smallest element, then this smallest
element is called the least upper bound (lL.u.b) of B. If L has a largest element, then this largest
element is called the greatest lower bound (g.l.b) of B.

Example 4.36. Let L = {(z,y) € Rx R |2 <y}, a total order on R. Let B={1/n|neZ"} =
{1,1/2,1/3,1/4,1/5,...} CR.

Clearly, {x € R |« > 1} is the set of upper bounds for B. The smallest element of this set is 1,
so 1 is the L.u.b of B.

Clearly, {z € R | x < 0} is the set of lower bounds for B. The largest element of this set is 0,
so 0 is the g.l.b of B.

Theorem 4.37. Suppose A is a set, F C P(A), and F # 0. Then the Lu.b of F is UF and the
g.l.b of F is NF.

4.5 *Closures

Definition 4.38. Suppose R is a relation on a set A. Then the reflexive closure of R is the smallest
set S C A x A such that R C S and R is reflexive, if there is such a smallest set. In other words, a
relation S C A x A is the reflexive closure of R if it has the following three properties:
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(a) RCS.
(b) S is reflexive.
(¢) For every relation T C A x A, if R C T and T is reflexive, then S C T

Remark. According to Theorem 4.32, if a set has a smallest element, then it can have only one
smallest element. Thus, if a relation R has a reflexive closure, then this reflexive closure must be
unique.

Theorem 4.39. Suppose R is a relation on A. Then R has a reflexive closure.

Proof. Let S := RU1iy4, where iy is the identity relation on A. We will show that S is the reflexive
closure of A.

(a) RCRUiyg=S.
(b) Since ig4 C RUiys =5, S is reflexive by Theorem 4.24(a).

(c) Suppose T is a relation on A, R C T, and T is reflexive. Then i4 C T by Theorem 4.24(a).
Hence S=RUi4 CT. O

Example 4.40. Let M = {(z,y) € R xR | z < y}. By Theorem 4.39, the reflexive closure of M
would be the relation

MUig = {(z,y) e RxR| (z,y) € MV (z,y) € ir}
={(z,y) eERxR|z<yVva=y}
={(z,y) e RxR |z < y}.

Example 4.41. Let P = {(z,y) € P(A) x P(A) | # C y}. By Theorem 4.39, the reflexive closure
of P would be the relation

PUipay = {(z,y) € P(A) x P(A) | (z,y) € PV (x,y) € ipa}
{(z,y) e P(A) x P(A) |z CyVae=y}
{(z,y) € P(A) x P(A) |z Cy}.

Definition 4.42. Suppose R is a relation on A. Then R is said to be irreflexive if Vo € A((x, z) &
R). R is called a strict partial order if it is irreflexive and transitive. It is called a strict total order
if it is a strict partial order, and in addition it satisfies the following requirement, called trichotomy:

Ve e AVy € A(zRyV yRx V x = y).

Definition 4.43. Suppose R is a relation on a set A. Then the symmetric closure of R is the
smallest set S C A x A such that R C S and R is symmetric, if there is such a smallest set. In other
words, a relation S C A x A is the symmetric closure of R if it has the following three properties:

(a) RCS.
(b) S is symmetric.

(¢) For every relation T C A x A, if R C T and T is symmetric, then S C T.
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Definition 4.44. Suppose R is a relation on a set A. Then the transitive closure of R is the
smallest set S C A x A such that R C S and R is transitive, if there is such a smallest set. In other
words, a relation S C A x A is the transitive closure of R if it has the following three properties:

(a) RCS.

(b) S is transitive.

(c) For every relation T C A x A, if R C T and T is transitive, then S C T.

Theorem 4.45. Suppose R is a relation on a set A. Then R has a symmetric closure.
Proof. Let S := RU R™!. We will show that S is the symmetric closure of A.

a) RCRUR'=8.

(

(b) Let (z,y) € S be arbitrary. Since S = RU R™!, we have that (z,y) € R or (z,y) € R™!. If
(r,y) € R, then (y,z) € R~ C S. If (z,y) € R™!, then (y,2) € R C S. Thus, S is symmetric.
(
(

c¢) Suppose T is a relation on A, R C T, and T is symmetric. Let (x,y) € S be arbitrary. Then
x,y) € Ror (z,y) € R7*. If (z,y) € R, then since R C T, (x,y) € T. If (z,y) € R™!, then
(y,z) € R, so (y,z) € T since R C T. But T is symmetric, so it follows that (z,y) € T. Thus,
SCT. O

Theorem 4.46. Suppose R is relation on a set A. Then R has a transitive closure.

Proof. Let F = {T € Ax A | R C T and T is transitive}. It is straightforward to see that
Ax ACF. Then F # (. Let S := NF. We will show that S is the transitive closure of A.

(a) Let (z,y) € R be arbitrary. Let T € F be arbitrary. Then R C T, so (z,y) € T. Hence
VT € F((z,y) €T), so (x,y) e NF =S. Thus, RC S.

(b) Let (x,y) € S and (y,z) € S be arbitrary. Let T € F be arbitrary. Since (z,y) € S = NF,
(x,y) € T. Similarly, (y,z) € T. Since T € F, T is transitive. Hence (z,z) € T. Thus, VT €
F((x,2) €T), so (z,2z) € NF = S. Therefore, S is transitive.

(¢) Suppose T is a relation on A, R C T, and T is transitive. Then T' € F. Then S =NF C T by
exercise 9 of Section 3.3. O

4.6 Equivalence Relations

Definition 4.47. Suppose R is a relation on a set A. Then R is called an equivalence relation on
A if it is reflexive, symmetric, and transitive.

Example 4.48. We have the following examples.
(a) Let A be a set, then the identity relation i4 is an equivalence relation on A.
(b) Let T be the set of all triangles. Let

C ={(s,t) € T x T | the triangle s is congruent to the triangle ¢}.

Then C' is an equivalence relation on 7T'.
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Definition 4.49. Suppose A is a set and F C P(A). We will say that F is pairwise disjoint if
every pair of distinct elements of F are disjoint, or in other words,

VX EFVY e F(X£AY — XNY =0),

which is equivalent to
VXeFVY e FXNY#A0—-X=Y).

F is called a partition of A if it has the following properties:

(a) UF = A.

(b) F is pairwise disjoint.

(c) VX € F(X #0).

Example 4.50. Let A ={1,2,3,4} and F = {{2},{1,3},{4}}. Then F C P(A).

(a) UF = {2} U{1,3} U {4} = {1,2,3,4} = A.

(b) F is pairwise disjoint, since {2} N{1,3} =0, {2} N {4} =0, and {1,3} N {4} = 0.
(c) All the sets in F are nonempty.

Thus, F is a partition of A.

Definition 4.51. Suppose R is an equivalence relation on a set A, and x € A. Then the equivalence
class of x with respect to R is the set

[z]r = {y € A | yRa}.

If R is clear from context, then we just write [x] instead of [z]g. The set of all equivalence classes
of elements of A is called A modulo R, and is denoted A/R. Thus,

A/R={[z]g |z € A} ={X CA|Jz e A(X =[z]|r)}
Example 4.52. Let S be the relation on R defined as follows:
S={(z,y) eRxR|x—yeZ}
We will show that .S is an equivalence relation.
(a) For any z € R, (z,x) € S since (z,2) € R x R and x — x = 0 € Z. Hence S is reflexive.

(b) Let (x,y) € S be arbitrary. Then (z,y) € R x R and x — y € Z. Clearly, (y,z) € R X R and
y—x=—(x—y) €Z. Hence (y,x) € S. Thus, S is symmetric.

(c) Let (z,y) € S and (y, z) € S be arbitrary. Then (x,y) € R and (y,2) € R, so x € R and z € R,
and hence (z,z) € R. Also, we have that r —y € Zandy—z€ Z,sox—z2=(z—y) + (y — 2) € Z.
Thus, (z,2) € S, so S is transitive.
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Therefore, S is an equivalence relation on R. For example,

2.73] ={y € R | (y,z) € R}
={yeR|y—z€Z}
={...,—1.27,-0.27,0.73,1.73,2.73,3.73,4.73,5.73, . .. }.

In general, for any = € R,
[]={...,2=-3,z—2,2—1l,z,c+ 1,z +2,2+3,... }.

By the following lemma, We have that [2.73] = [0.73]. In general, for any € R, there is always a
y € 10,1) such that y — x € Z, so [z] = [y].

Lemma 4.53. Suppose R is an equivalence relation on A. Then

(a) For every x € A, x € [z].

(b) For every x € Aand y € A, y € [z] if and only if [y] = [z].

Proof. (a) Let z € A be arbitrary. Since R is reflexive, x Rz. Then by the definition of equivalence
class, z € [z].
(b) (—) Suppose y € [z]. Then yRz. We will prove that [y] = [z].

C Let z € [y] be arbitrary. Then zRy. Since R is transitive, zRx. Hence z € [z], and so
[y € [2].

D Let z € [z] be arbitrary. Then zRzx. Since R is symmetric and yRxz, xRy. Since R is
transitive, zRy. Hence z € [y], and so [z] C [y]. Thus, [z] = [y].

(<) Suppose [y] = [z]. By (a), y € [y] = [x]. 0
Theorem 4.54. Suppose R is an equivalence relation on A. Then A/R is a partition of A.
Proof. (a) We need to show that U(A/R) = A, or in other words that U,ca[z] = A.

C Since [z] C A for each z € A, we have that Ugecaz] C A.

D Let € A be arbitrary. Then = € [z] by Lemma 4.53(a). Hence x € Ugcalz]. Thus,
A C UxeA[x}'

(b) Let [z],[y] € A/R be arbitrary, where z,y € A. Suppose that [z] N [y] # 0. Then there exists
z € [z] and z € [y]. By Lemma 4.53(b), [x] = [z] = [y]-

(c) Let [z] € A/R be arbitrary, where 2z € A. Then x € [z] by Lemma 4.53(a). Thus, [z] #0. O
The remaining of this section is not required to study.

Lemma 4.55. Suppose A is a set and F is a partition of A. Let R = Uxecx(X X X). Then R is
an equivalence relation on A. We will call R the equivalence relation determined by F.

Proof. (a) Let & € A be arbitrary. Since F is a partition of A, UF = A, so z € UF. Then there
exists X € F such that © € A. But then (z,2) € X x X, s0 (z,2) € X X X € Uxer(X x X) =R.
Thus, R is reflexive.
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(b) (Symmetry) Exercise.
(¢) (Transitivity) Exercise. O

Lemma 4.56. Suppose A is a set and F is a partition of A. Let R be the equivalence relation
determined by F. Suppose X € F and z € X. Then [z]g = X.

Proof. C Let y € [z]gr be arbitrary. Then (y,2) € R. Since R is the equivalence relation determined
by F, R = Uxecr(X x X). Hence there exists Y € F such that (y,z) € Y x Y, and so y € Y and
z €Y. Since x € X by assumption, we have that X N'Y # (. But F is pairwise disjoint, X =Y.
Hence y € Y = X. Thus, [z]gr C X.

D Let y € X be arbitrary. Since z € X, we have that (y,z) € X x X, so (y,z) € R. Hence
y € [z]Rr, and so X C [z]g. O

Theorem 4.57. Suppose A is a set and F is a partition of A. Then there is an equivalence relation
R on A such that A/R = F.

Proof. Let R = Uxecr(X x X). Then R is an equivalence relation by Lemma 4.55. We will show
that A/R=F.

C Let [z] € A/R be arbitrary, where € A. Since F is a partition of A, z € A = UF. Then
there exists Y € F such that z € Y. Then [z] =Y € F by Lemma 4.56. Thus, A/R C F.

D Let X € F be arbitrary. Since F is a partition, X # (. Hence we can choose some z € X.
Then by Lemma 4.56, X = [z] € A/R. Thus, F C A/R. O

Definition 4.58. Suppose m € Z*t. For any x,y € Z, we will say that z is congruent to y modulo
m if 3k € Z(x — y = km). In other words, x is congruent to y modulo m iff m | (z — y). We will
use the notation x = y (mod m) to mean that x is congruent to y modulo m.

Example 4.59. We have that 12 = 27 (mod 5) since 23 — 27 = —15 = (—3)5.

Fact 4.60. Let Cy,, = {(z,y) € ZXZ | x =y (mod m)}. Then C,, is an equivalence relation on Z.
There are only m different equivalence classes, which are

[0],[1],...,[m —1].



Chapter 5

Functions

5.1 Functions

Definition 5.1. Suppose F' is a relation from A to B. Then F is called a function from A to B if
for every a € A there is exactly one b € B such that (a,b) € F. In other words, to say that F' is a
function from A to B means:

Va e A3 e B((a,b) € F).
To indicate that F' is a function from A to B, we will write F': A — B.
Example 5.2. (a) Let A= {1,2,3}, B={4,5,6}, and F = {(1,5),(2,4),(3,5)}.

F is a function from A to B because 1 is paired only with 5, 2 is paired only with 4, and 3 is
only paired with 5.

(b) Let A ={1,2,3}, B ={4,5,6}, and G = {(1,5), (2,4), (1,6)}.

G is not a function from A to B because 3 isn’t paired with any element of B in the relation G,
or because 1 is paired with two different elements of B, 5 and 6.

(¢) Let A be any set, the identity relation ¢4 on A is a function on A.
Existence: For any a € A, there exists a € A such that (a,a) € ia.
Uniqueness: For any a € A, if a’ € A\ {a}, then (a,a’) € ia.

(d) Let f={(z,y) e RxR|y=2a?}.

f is function from R to R because for any real number z, there is a unique real number which
equals the square of z. In other words, for any x € R, x is paired only with 22 € R.

Notation 5.3. Suppose f: A — B. If a € A, then the unique b € B such that (a,b) € f is called
“the value of f at a”, or “the image of a under f”, and it is written f(a). In other words,

Va € AVb € B(b= f(a) < (a,b) € f).
Example 5.4. Consider the Example 5.12.

(a) F(1) =5, F(2) =4, F(3) =5.

(6]
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(c) ia(a) = a for each a € A.
(d) f(x) = 2? for each z € R.

It is often useful to think of a function f from A to B as representing a rule that associates, with
each a € a, some corresponding object b = f(a) € B. However, you need to be careful when doing
this. For example, the following relations g and h are different because (0.5,4) € h, but (0.5,4) € g.

={(z,y) eZxR|y=2x+3}
{(z,y) e RxR|y=2x+3}

Convention 5.5. We often denote a relation like {(z, f(x)) € Rx R | f(z) = 2%+ 7} by “let f be
a function from R to R defined by f(z) = 22 + 77.

Theorem 5.6. Suppose [ and g are functions from A to B. IfVa € A(f(a) = g(a)), then f =g.

Proof. Suppose that for any a € A, f(a) = g(a). Let (a,b) € f be arbitrary. Then by Notation 5.3
b= f(a) = g(a), and so (a,b) € g. Hence f C g. A similar argument shows that ¢ C f. Thus,

f=g O
Remark. In the future, to prove f = g we will usually prove Va € A(f(a) = g(a)).
Proposition 5.7. Let f: A — B. The domain of f is the set
Dom(f) ={a€ A|3be B((a,d) € f)} = A.

The range of f is the set

Ran(f) ={be B|3Ja€ A((a,b) € )} ={f(a) | a € A}.
Example 5.8. Consider the Example 5.12 and 5.4.
(a) Dom(F') = A and Ran(F) = {4,5}.
(¢c) Dom(is) = A and

Ran(ia) = {ia(a) |a€ A} ={a|ac A} = A.

(d) Dom(f) =R and
Ran(f) = {f(2) |z € F} = {z” |z € R} =R™,
where we prove the last equality:

C follow from 22 € R* for any z € R.
O Let y € RT. Then z := /y € R and 2% = (/y)?> = y. Hence y € {z? | z € R}.

Theorem 5.9. Suppose f: A— B andg: B— C. Thengo f: A— C, and for any a € A, the
value of go f at a is given by the formula (go f)(a) = g(f(a)).
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Proof. Let a € A be arbitrary. We must show that there is a unique ¢ € C such that (a,c) € go f.
Existence: Let b := f(a) € B since f : A — B. Let ¢ := g(b) € C since g : B — C.
Then (a,b) € f and (b,c) € g by Notation 5.3. Hence by definition of composition of relations,
(a,c) €gof.
Uniqueness: Suppose that (a,c1), (a,c3) € go f. We will prove that ¢; = ¢3. Since

(a,c1) € go f={(a,c)|3be B((a,b) € fA(b,c)€g)}.
there exists by € B such that (a,b1) € f and (b1,c1) € g. Since (a,c2) € go f, simiarly, there exists
by € B such that (a,bs) € f and (bg,c2) € g. Since (a,by), (a,bz) € f and f is a function, we have
that by = by. Since (b1, ¢1), (be,c2) € g and ¢ is a function, ¢; = cs.
Thus, g o f is a function from A to C.

For any a € A, in the proof of the existence we showed that (g o f)(a) = ¢, where ¢ = ¢g(b) and
b= f(a). Thus,

(9o f)(a) = c=g(b) = g(f(a)). u

Example 5.10. Let g : Z — R be the function defined by g(x) = 2z + 3. Let f : Z — Z be defined
by f(n) =n? —3n+1. Then go f : Z — R. For example,

(90f)(2) =g(f(2) =9(2* =3(2) +1) = g(-1) = L.
In general, for every n € Z,

(go f)(n) =g(f(n)) = g(n® =3n+1) =2(n* = 3n+1) + 3 = 2n> — 6n + 5.

5.2 One-to-One and Onto
Definition 5.11. Suppose f: A — B. We will say that f is one-to-one if
—Jda; € Aday € A(f(al) = f(ag) ANay # ag).

We say that f is onto if
Vb e Bla € A(f(a) =D).

One-to-one function are sometimes also called injections, and onto function are sometimes called
surjections.

Remark. Diagrammatically, we have the following cases.
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Figure 5.1: f is neither ono-to-one nor onto

Figure 5.3: f is onto but not one-to one Figure 5.4: f is both one-to-one and onto

Remark. Let A, B be finite sets and f C A x B be represented diagrammatically.

If for each a € A there is a unique arrow pointing away from a, then f is a function.

If for each a € A there is a unique arrow pointing away from a, and for each b € B there is at
most one arrow pointing toward b, then f is an one-to-one function.

If for each a € A there is a unique arrow pointing away from a, and for each b € B there is at
least one arrow pointing toward b, then f is an onto function.

If for each a € A there is a unique arrow pointing away from a, and for each b € B there is a
unique arrow pointing toward b, then f is an one-to-one and onto function.

Example 5.12. (a) Let A ={1,2,3} and B = {4,5,6}. Then the function F' = {(1,5), (2,4),(3,5)}
is one-to-one but not onto.

Tt is not one-to-one because F (1) = 5 = F(3). It is not onto because 6 € B, but there is no
a € A such that F(a) = 6.
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(b) Let A be any set, the identity function i4 is 1-1.

Prove by contradiction. Suppose there exist a,a’ € A such that ia(a) =i4(a’) and a # o’. But
ia(a) = ia(a’) implies that a = o/, contradicting a # a’. Thus, i4 is one-to-one.

(c) Let f={(z,y) eRx R |y =22}

f is not 1-1 because
f2)=2"=4=(-2)?%=f(-2),

f is not onto because —1 € B, but there is no a € R such that a> = —1, and so there is no ¢ € R
such that f(a) = -1

(d) Let
g={(z,y) EZxR|y=2x+3}
h={(z,y) e RxR|y=2x+3}.
Similar to previous examples, we have that both g and h is 1-1. Also, g is not onto, h is onto.
Theorem 5.13. Suppose f: A — B.
(a) f is one-to-one iff Va; € AVaz € A(f(a1) = f(az) — a1 = az).
(b) f is onto iff Ran(f) = B.

Proof. (a)
f is one-to-one «— —Ja; € Adas € A(f(a1) = f(az2) A a1 # ag)
——Vay € A=(Fas € A(f(a1) = f(az) AN a1 # az))
«—— VYa, € AVas € Aﬁ(f(al) = f((lg) ANay # ag)
—Va; € AVay € A(f(a1) # f(az) Var = ag)
—Va; € AVas € A(f(a1) = faz) = a1 = aq).
(b)
fisonto «— Vbe B3a e A(f(a) =0)
——Vbe Bla e A((a,b) € f)
«—— Vb e B(be Ran(f))
«—— B C Ran(f)
— Ran(f) = B,
where the equivalence follows from the fact that Ran(f) C B. O

Example 5.14. Let A =R~ {—1}, and define f : A — R by the formula

2a

Prove that f is one-to-one but not onto.
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Proof. Let a1,as € A be arbitrary. Then a; # —1 # as. Assume that f(a1) = f(az2). Then

- 2&1 o 2(12
flar) = flaz) — PR R |
al ag

> =

a1+ 1 as +1
—— ai(ag +1) = az(a; +1)

«—— a16z2 + a1 = ai1a2 + az

—— a] = ag,

where the third equivalence follows from that a; # —1 # as. (Note that we only need the forward
implications.)
To show f is not onto, it suffices to show that 2 ¢ Ran(f), since 2 € R. Suppose 2 € Ran(f).

Then there exists a € A such that f(a) = 2, i.e., % = 2, then 2a = 2a + 2, which is impossible.

Thus, 2 & Ran(f). O
Theorem 5.15. Suppose f: A— B and g: B— C. Then

(a) If f and g are both one-to-one, then so is go f.

(b) If f and g are both onto, then so is go f.

Proof. By Theorem 5.9, go f: A — C.

(a) Let aq,as € A be arbitrary. Suppose that go f(a1) = (g o f)(az). By Theorem 5.9 this means
that g(f(a1)) = g(f(az)). Since g is one-to-one, it follows that f(a1) = f(az). Since f is 1-1, we
can conclude that a; = as.

(b) Let ¢ € C be arbitrary. Since g is onto, we can find some b € B such that g(b) = ¢. Since f is
onto, there is some a € A such that f(a) =b. Then (go f)(a) = g(f(a)) = g(b) = ¢. Thus, go f is
onto. O

5.3 Inverses of Functions

Example 5.16. Let A = {1,2,3}, B = {4,5,6}, and F = {(1,5),(2,4),(3,5)}. Then F : A — B.
We have the relation F~! = {(5,1),(4,2),(5,3)}, so F~1 is not a function from B to A.
Theorem 5.17. Suppose f : A — B. If f is one-to-one and onto, then f~': B — A.

Proof. Let b € B. We need to show that 3la € A((b,a) € f71).
Existence: Since f is onto, there is some a € A such that f(a) = b. Then (a,b) € f, and so

(b,a) € f7.
Uniquenss: Suppose that (b,a;) € f~! and (b,az) € f~! for some ay,as € A. Then (ay,b) € f
and (ag,b) € f. Hence f(a1) =b = f(az2). Since f is 1-1, it follows that a1 = as. O

Remark. Let f: A— B. If f~': B — A, then for b € B

f71(b) = the unique a € A such that (b,a) € f~*
= the unique a € A such that (a,b) € f
= the unique a € A such that f(a) = 0.
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Theorem 5.18. Suppose f: A— B and f~':B— A. Then flof=44 and fo f~' =ig.

Proof. We prove the first half.
Note that f~'of: A— Aandis: A— A. Let a € A be arbitrary. Let b := f(a) € B. Then
(a,b) € f, s0 (bya) € f~! and therefore f~1(b) = a. Thus,

(f~tof)la) = fH(f(a) = F7H(b) = a=ia(a).
Hence f~1o f =iy4. O

Example 5.19. (a) Let f : R — R be defined by f(z) = 2x. Then f is one-to-one and onto.
Hence f~': R — R. For z € R,

f~Y(z) = “the unique y such that f(y) = z”
= “the unique y such that 2y = z”
=x/2.

Hence f~'of: R —Rand (fo f!): R — R. For x € R,
(ftof)a) =1 (f(x) = f1(2x) = (22)/2 ==

For =z € R,

(fof™)(@) = f(f 7 (2)) = f(2/2) = 2(x/2) = z.

(b) Let f : R — RT be defined by f(x) = e®. Then f is one-to-one and onto. Hence f~!: Rt — R.
For z € R,

f_l(w) = “the unique y such that f(y) =27
= “the unique y such that e¥ = z”

=Inz.
Hence f~'of:R—Rand (fo f1): Rt — R*. For x € R,
(fH o f)l@) = f7H(f(2) = f7H(e") = In(e”) = =
For z € RT,
(fof (@)= f(fH(2) = flnz) =" = z.
Theorem 5.20. Suppose that f : A — B.
(a) If there is a g : B — A such that go f =ia, then f is one-to-one.
(b) If there is a g : B — A such that f o g then f is onto.
Proof. We prove part (a).

(a) Let aj,a2 € A be arbitrary. Suppose that f(a1) = f(a2). Applying g to both sides of this
equation we get g(f(a1)) = g(f(az2)). But

9(f(a1)) = (g0 f)(a)
9(f(a1)) = (g0 f)(az)

Hence a1 = as. O

ia(ar) = as,

ia(ag) = as.
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Theorem 5.21. Suppose f: A — B. Then the following statements are equivalent.
(a) f is one-to-one and onto.

(b) f71:B— A.

(c) Thereis a g: B — A such that go f =is and fog=ip.

Proof. (a) — (b) follows from Theorem 5.17.
(b) — (c) follows from Theorem 5.18 by letting g = f~1.
(¢) — (a) follows from Theorem 5.20. O

Remark. The easiest way to prove that several statements are equivalent is to prove a circle of
implication. In this case we have proven the circle (a) — (b) — (¢) — (a).

(a)
/N
(€ «—— ()

Theorem 5.22. Suppose f: A— B, g: B — A, gof =144, and fog=1ig. Then g = f~!.

Proof. By Theorem 5.21, f~': B — A. Then f~'o f =i4 by Theorem 5.18. Then
g=iaog=(fTloflog=f"o(fog)=floip=f"",

where the first equality and last equality follows from exercise 9 of Section 4.3. O

Example 5.23. In each part, determine whether f is one-to-one and onto. If it is, find f~'.

(a) Let A=R~ {0} and B =R ~\ {2}, and define f : A — B by the formula

Note that for all z € A, f(z) =1 +2€ R~ {2} = B. Hence f~': B — A. For z € A,

f~!(x) = “the unique y such that f(y) = z”

1
= “the unique y such that — +2 = 2”
Y

1
x—2

Thus, f~!: B — A is defined by f~!(z) = -L5.

r—2

One can also let g : B — A be defined by g(z) = 15,
fog=1p, implying that f is 1-1 and onto by Theorem 5.21.

and then check that go f = 74 and



5.4. IMAGES AND INVERSE IMAGES: A RESEARCH PROJECT 83

(b) Let A=R and B = {z € R |z > 0}, and define f : A — B by the formula
flz) = 2.
It is not one-to-one because
f@)=22=4=(-2)"= f(-2).

It is onto. Let g : B — A be defined by g(x) = v/z. This definition makes sense (or is well-defined)
because any element in B is nonnegative and we can take its square root. Then fog: B — B. For

T € B,
(fog)(x) = flg(x)) = fF(Vz) = (Vo)* = .
Hence f o g =ip. Thus, g is onto by Theorem 5.20(b)

5.4 Images and Inverse Images: A Research Project

Definition 5.24. Suppose f: A — B and X C A. Then the image of X under f is the set f(X)
defined as follows:

f(X)={f(z) |z € X}
={beB|Jze X(f(x)=0)}.
In particular, f(0) = @ and
f(A) ={f(z) | € A} = Ran(f).

Definition 5.25. Suppose f: A — B and Y C B. Then the inverse image of Y under f is the set
F7LH(Y) defined as follows:
i) ={ac Al fla) €Y}
In particular, f=(0) = () and
Y B)={ac A| f(a) € B} = A.
Remark. If f is not one-to-one or onto, then f~! is not a function, then the notation “f~!(y)” is
meaningless. However, f~!({y}) makes sense since it is the inverse image of the subset {y} of B.
Example 5.26. Let f : R — R be defined by the formula f(z) = 2%, and X = {z €e R | 0 < x < 2}.
Then
fX)={f(z) |z e X}
={z?|z€Rand 0 <2z <2}
={reR|0<x <4}
Let Y ={x € R|0 <z <4}. Then
fIY)={z eR| f(z) €Y}
={zeR|0< f(z) <4}
={zeR|0<2* <4}
={reR|-2<z<2}
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Observe that in this example, we have that
X ¢ fHAX)).
Question 5.27. Suppose f: A — B, and W, X C A. Question: Is f(WNX) = f(W)N f(X) true?

Proof. C Since W N X C W, X we have that f(W N X) C f(W), f(X). Hence f(WNX) C
fV) N f(X).

D Let y € f(W)N f(X) be arbitrary. Then y € f(W) and y € f(X). Then there exists w € W
and x € X such that f(w) =y = f(x). If only we knew that w = z, then we could conclude that
w=2x € WnNX,and soy = f(z) € f(WnN X). This should remind you that of the definition
of one-to-one. If we knew f is one-to-one, we could conclude from the fact that f(w) = f(x) that
w = z, and the proof would be done. O

Summary 5.28. Suppose f: A — B, and W, X C A. Then f(WNX) C f(W)Nn f(X). If f is
one-to-one, then f(WNX) = f(W)N f(X).

Question 5.29. Suppose f: A — B, and W, X C A. Question: Is f(WNX) = f(W)N f(X) true?

We try to find a counterexample in which f is not one-to-one. Let A = {1,2,3}, B = {4, 5,6},
and f = {(1,4),(2,5),(3,5)}. Then f : A — B. The attempted proof ran into trouble when W
contains w and W contains x such that w # z but f(w) # f(z). Hence we choose W = {2}
and X = {3}. With these choices we get f(W) = {f(2)} = {56} and f(X) = {f(3)} = {5}. But
fFWNX)=f0)=0,s0 f(WNX)# f(W)nN f(X).



Chapter 6

Mathematical Induction

6.1 Proof by Mathematical Induction

Recall that the set all natural numbers is N = {0, 1,2,3,...}.

The key idea behind mathematical induction is that to list all the natural numbers all you have
to do is start with 0 and repeatedly add 1. Thus, you can show that every natural number has
the property P by showing that 0 has property P, and whenever you add 1 to a number that has
property P, the resulting number also has property P.

To prove a goal of the form Vn € NP(n):

First prove P(0), and then prove VYn € N(P(n) — P(n + 1)). The first of these proofs is
sometimes called the base case and the second the induction step. P(n) is called the inductive
hypothesis.

Form of final proof:

Base case: [Proof of P(0) goes here.]
Induction step: [Proof of ¥n € N(P(n) — P(n+ 1)) goes here]

Theorem 6.1. For everyn € N, 20428 + ... 42m =2nFl 1 e 7" 20 =27+l 1,
Proof. We use mathematical induction.
Base case: Setting n = 0, we get 20 =1 = 2! — 1 as required.
Induction step: Let n € N be arbitrary. Suppose that
P(n) : 20 42t 4. g on =onfl g,
We need to prove that
P(n+1): 20 4ol gl oA DFL g —gnit2 g

85
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Note that
204204 ot = (20420 2y 2
= (2"t — 1) 427 H!
=2.2"t1 1
=221 O
Theorem 6.2. For everyn € N, 3| (n® —n).

Proof. We use mathematical induction.
Base case: If n =0, then n® —n=0=3-0,s0 3| (n®—n).
Induction step: Let n € N be arbitrary. Suppose that
P(n): 31 (n*—n).
We need to prove that
P(n+1): 31 ((n+1)* = (n+1)).
Since 3 | (n® — n), there exists k € Z such that 3k = n® —n. Then
(n+1)°—m+1)=mn+1)(n+1)2-1)
= (n+1)(n*+2n)
=n+3n%+2n
= (n* —n)+3n*+3n
=3k + 3n* + 3n
=3(k +n? +n).
Thus, 3| ((n+1)% — (n+1)). O
Theorem 6.3. For every n € N such that n > 5, 2" > n?.

Proof. We use mathematical induction.
Base case: When n = 5, then 2" = 32 > 25 = 52 = n?2.
Induction step: Let n € N be arbitrary. Suppose that

P(n): 2" > n?.
We need to prove that
P(n+1): 2" > (n 4 1)2
Note that
2n+1 —9.9n
> 2n? by inductive hypothesis
=n’4+n-n
>n?+5-n (since n > 5)
=n?+2n+3n
>n®+2n+1

= (n+1)>2 O



6.2. RECURSION

6.2 Recursion

We can define a function with domain N recursively.

Definition 6.4. We might use the following equation to define a function f with domain N:
f0) =1
VneN, f(n+1)=(mn+1)f(n).

For example,

Let n € N be such that n > 1. Then

fn) =nf(n-1)
=n(n—1)f(n—2)
=n(n—1)(n—-2)f(n—3)

which is called n factorial.
Definition 6.5. For n € N, we define n factorial n! as follows:
ol =1,
VneN, (n+1!=(Mn+1) nl
Example 6.6. For n € N, let
f(n) =20 428 422 4 ... 4 2™,
Then
fn+1)=2"42" 422 ... 427 4 2 H!
= f(n) + 2%
Thus, we could define f recursively as follows:
f0)=2"=1
VneN, f(n+1) = f(n) + 2"+
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Definition 6.7. For a € R \ {0}, we define o™ with the following recursive definition:

aozl;

VneN, a" =a" a(=a-a").
For example,

a*=a’-a
=a"-a-a
=a -a-a-a
=a -a-a-a-a

=a-a-a-a.

Definition 6.8. If ag,a1,...,a, is a list of numbers, then the sum of these is written

n
E ;.
=0

This is read “the sum as 4 goes from 0 to n of a;.”

Example 6.9.
n
D o2i=2042 4274 g2
i=0
Definition 6.10. If ag,aq,...,a, is a list of numbers, if n > m, then

n
Zai:am+a7rz+1+am+2+"'+an-

Example 6.11.

6
Zz’2:32+42+52+62:9+16+25+36:86.
1=3

Remark. The letter ¢ in these formulas is a bound variable and therefore can be replaced by a
new variable without changing the meaning of the formula.

Theorem 6.12. For every n € N with n > 4, n! > 2™,

Proof. By mathematical induction.
Base case: When n = 4 we have that n! =24 > 16 = 2".
Induction step: Let n > 4 be an arbitrary integer. Suppose that n! > 2™. Then

(n+1D!'=n+1)(n!)
> (n+1)(2")
>2.2"
— ontl O
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Theorem 6.13. For any a € R\ {0} and m,n € N, a™*" =a™ - a™.

Proof. Let a € R~ {0} and m € N be arbitrary. We now proceed by induction on n.
Base case: When n = 0, we have that

Induction step: Let n € N be arbitrary. Suppose that a™™" = a™ - a™. Then

am,—i—(n—i—l) — a(m+n)+1

=a™t" . q (by definition of exponentiation)
=a™-a"-a (by inductive hypothesis)
=a™-a"M! (by definition of exponentiation). O
Theorem 6.14. A sequence of numbers ag, a1, as, ... is defined recursively as follows:
ap = 0;

VneN, apy1 = 2a, + 1.
Then for each n € N, a,, = 2" — 1.

Proof. By induction.
Base case: ap=0=1-1=20—-1.
Induction step: Let n € N be arbitrary. Suppose that a,, = 2" — 1. Then

ap4+1 = 2a, +1

=2(2"-1)+1
=97t _941
=ontl _ 1, O

Theorem 6.15. For every x > —1 and everyn € N, (1 + z)" > nax.

Proof. Let x > —1 be arbitrary. We will prove by induction on n.
Base case: If n = 0, then since 1 + x # 0, we have that

1+2)"=1+2)0=1=14+0=1+0-2=1+nz.
Induction step: Let n € N be arbitrary. Suppose that (1 + )™ > nz. Then
(1 +a2)" =1 +)(1 +a)"
> (14 2)(1+ nx) because 1 + 2 >0
=142+ nz + na?
>14+x+nw because na? > 0
=1+ (n+1)z
> (n+1)z. O
Using a similar proof, one can prove the following:

Theorem 6.16. For every x > —1 and everyn € N, (1 +z)" > 1+ nx.
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6.3 Strong Induction

In some cases the assumption from the mathematical induction isn’t strong enough to make the
proof work, and we need to assume that all smaller natural numbers have the property. This is the
idea behind a variant of mathematical induction sometimes called strong induction:

To prove a goal of the form Vn € NP(n):
Prove that Vn € N[(Vk € Ng,,_1 P(k)) — P(n)], where N¢,,_1 denotes all natural numbers no
larger than n — 1.

Remark. Note that no base case is necessary in a proof by strong induction. Indeed, we have
that Vk € N¢_1 P(k) is always true, if we proved Vn € N[(Vk € Ng,_1 P(k)) — P(n)], then in
particular, we proved that (Vk € N¢_;1 P(k)) — P(0). Hence by modus ponens, we have that P(0)
is true.

Theorem 6.17 (Division algorithm). For all n € N and m € Nxy, there are ¢, € N such that

n=mq+r and r < m. (The numbers g and r are called the quotient and remainder when n is
divided by m.)

Proof. We let m € Nx; be arbitrary and then proceed by strong induction on n.
Let n € N be arbitrary. Suppose that for any k € N,,_; there exists ¢, € N such that k = mq+r
and 7 < m. We need to prove that there exist ¢’,7" € N such that n = mq¢’ + ' and ' < m.
Case 1. n <m. Let ¢ =0 and ' = n. Then
n=r"=m0)+r" =mq +r'.

Also, ' =n < m.

Case 2. n > m. Then 1 < m < n, so n—m € Ng,_;. Hence by inductive hypothesis there
exist ¢, € N such that n —m = mg+r and »r <m. Then n =m(q+1)+r. Letting ¢ =¢+1€N
and ' =7 €N, we have that n = mq’ +7" and ' =r < m. O

Definition 6.18. Let a € N»; and b, c € N such that b # 0 or ¢ # 0.
(a) If a | b and a | ¢, we say that a is a common divisor of b and c.

(b) The largest common positive divisor of b and c is called the greatest common divisor of b and
¢, denoted by ged(b, ¢),

For n € N and m € N34, the Euclidean Algorithm allows us to express the ged(n,m) as an
integral sum of n and m.

Theorem 6.19 (Euclidean Algorithm). Let n € N and m € Nxq. If m | n, the ged(n,m) = m.
Without loss of generality, assume that mtn. Then repeat applying the division algorithm, write
n=mq +7r1,0<r; <m,
m=riqz+ 12,0 <ry <7y,

r1 =712q3 + 13,0 <713 < T2,

Tn—2 = m—1qn + Tn,O <Tp <Tp-1,

Tn—1 = Tndn+1-
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Then 1, = ged(n,m). (Asry > 19 > - > 1y_1 > 1, > 0, the algorithm terminates after finite
steps. )

Example 6.20. Write the gcd(48,27) as an integral sum of 48 and 27. Note that

48 = 27(1) + 21,

27 = 21(1) + 6,
21 = 6(3) + 3,
6 =3(2).

Now working backwards:

gcd(48,27) = 3 = 21— 6(3) = 21— (27—21)(3) = 4(21) — 3(27) = 4(48 —27) —3(27) = 4(48) — 7(27).
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Chapter 7

Infinite Sets

7.1 Equinumerous Sets

Definition 7.1. Let A and B be sets. We’ll say that A is equinumerous with B if there is a function
f: A — B that is one-to-one and onto. We’ll write A ~ B to indicate that A is equinumerous with
B.

Definition 7.2. For each n € N, let I, = N¢,,. A set A is called finite if there is an n € N such
I, ~ A. Otherwise, A is infinite.

Definition 7.3. If A is a finite set and A ~ I,, for some n € N, then the cardinality of A, denoted
|Al, is defined to be n. In particular, || = 0.

The definition of equinumerous can also be applied to infinite sets. We will see that Z1 ~ Z.
Consider the function f : Z* — Z defined as follows:

g if n is even

f(”):{ 1nif s odd.

The table of values for f in the following reveals a pattern that suggests that f might be one-to-one
and onto.

3

f(n)
0
1

N O Ot s W N
[\)
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Theorem 7.4.
7T ~ 7.

Proof. Consider the function f : Z* — Z defined as follows:
{ 5 ifnis even

177” if n is odd.

f(n) =

Then it suffices to show that f is one-to-one and onto.

Let ny,ny € Z* be such that f(n1) = f(na).

Case 1: ny and ny are both even. Then % = f(n1) = f(n2) = %2, and so ny; = na.

Case 2: ny and no are both odd. Then 1‘% = f(n) = f(n2) = 1_2"2, and so ny = na.

Case 3: ny is even and ny is odd. Then f(n;) = % > 0, but f(n2) = 1_2"2 < 0, contradicting
f(n1) = f(na), This case is impossible.

Case 4: nq is odd and ns is even. Then similar to the case 3, this case is impossible, too.

Thus, f is one-to-one.

Let m € Z.

Case 1: If m € Z*, then 2m € ZT and 2m is even such that f(2m) = 22* = m.

Case 2: If m € Z~ 7", then —m € N, so 2(—m) + 1 € Z" and 2(—m) + 1 is odd such that
f2(=m)+1) = % =m.

Thus, f is onto. O

Theorem 7.5.
Zt x 7T ~ 7.
Proof. Define a function f by
f:ZT xZt — 77"
(i+j-2)G+5-1)

(i, ) — . +i.

First, note that the integers i+ j—2 and i+ j — 1 are neighbors, so one of them must be even, hence
2| (i+j—2)(i+j—1). Alsonote that (i +j — 2)(i +j — 1) > 0, and so “H=20HIZD | ¢ 7+
thus the functions is well-defined. The table of values in the following may help you understand
this example.

j
fa,i) |1 2 3 4 5
11 2 4 7 11
213 5 8 12
i 316 9 13
4110 14
5| 15

Check that f is one-to-one and onto. O
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Theorem 7.6. Suppose A~ B and C ~ D. Then
(a) AxC ~BxD.
(b)) f ANC =0 and BND =0, then AUC ~BUD.

Proof. Since A ~ B and C' ~ D, there exist one-to-one and onto functions f : A — B and
g:C —D.

(a) Define a function h by

h:AxC— BxD
(a,¢) — (f(a), g(c)).
Check that h is one-to-one and onto.
(b) Define a function f U g by
fug:AuC — BUD

ar— f(a),Vaec A
c— g(c),VeceC.

Check that f U g is one-to-one and onto. O
Theorem 7.7. For any sets A, B, and C':

(a) A~ A.

(b) If A~ B, then B ~ A.

(¢) If A~ B and B~ C, then A~ C.

Proof. (a) The identity function i4 : A — A is one-to-one and onto.

(b) Since A ~ B, there exists one-to-one and onto function f : A — B. Then f~!'o f =i, and
fof~' =ip by Theorem 5.18. Hence f~!: B — A is onto and one-to-one by Theorem 5.20, so
B ~ A.

(c) Since A ~ B and B ~ C, there exist one-to-one and onto functions f : A — Band g: B — C.
By Theorem 5.15, go f : A — C is one-to-one and onto, so A ~ C. O

Corollary 7.8.
Zt x 7t ~ 7.

Proof. By Theorem 7.5, ZT x Zt ~ Z*. By Theorem 7.4, Z* ~ Z. Thus, ZT x Zt ~ Z by
Theorem 7.1. O

Definition 7.9. A set A is called denumerable if Z1t ~ A. Tt is called countable if it is either finite
or denumerable. Otherwise, it is uncountable.

Theorem 7.10. Let A be a set. The following statements are equivalent:

(a) A is countable.
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(b) Either A =0 or there is a function f :ZT — A that is onto.
(c) There is a function f: A — Z7T that is ono-to-one.
Theorem 7.11. Q is denumerable.
Proof. Define a function f by
f:ZxZ" —Q
(P, q) — p/q-

For (p,q) € Z x Z, we have that q # 0, so p/q € Q, and hence f is well-defined. Clearly, f is onto,
since all rational numbers can be written as fractions.

Since ZT ~ Z and Z* ~ ZT, we have that Z* x ZT ~ Z x Z* by Theorem 7.6(a), and so
Z x It ~ 7% x Z*. By Theorem 7.5, ZT x Z+ ~ ZT. Hence Z x ZT ~ Z*, and so Z* ~ Z x Z™.
Thus, there exists a one-to-one and onto function g : ZT — Z x ZT. Also, since f was onto,
fog:Z" — Qis onto by Theorem 5.15(b). Therefore, Q is countable by Theorem 7.10. Clearly
Q is not finite, so it must be denumerable. O

7.2 Counting Basics

Theorem 7.12. Let A and B be finite sets. Then
|[AUB| =|A|+|B| - AN B|.

Proof. Case 1: A =0 or B = (). Without loss of generality, we assume that A = (). Then AUB = B
and AN B = (. Hence

|JAUB| = |B| =0+ |B| - 0= [0] + |B| — |0| = |A| + |B| = [AN B.

Case 2: A# 0 # B and ANB = (. Assume that A = {a1,...,ar} and B = {b1,...,bs}, where
k,¢eZ" and a; #bjfori=1,...,kand j =1,...,¢. Then AN B =0 and

AUB:{ala-“vakabl""’be}'

Hence
[AUB|=k+{¢=k+{¢—-0=|A|+|B|—|ANB|.

Case 3: AN B # 0. Assume A = {ay,...,a%,21,..., 2.} and B = {by,..., by, x1,...,2,} with
ANB ={xy,...,x,}. This implies that a; # b; fori=1,...,kand j =1,...,¢ Hence

AUB={ay,...,ax,b1,...,0,x1,... 2.}

Thus,
|JAUB|=k+{(+r=(k+r)+{+r)—r=|Al+|B|-|ANB]. O

Example 7.13. At a certain school there are 120 students who take French and 98 who take
German and 23 students who take both French and German, then there are

|IFUG| = |F|+|G| - |FNG|=120+98 — 23 =195

students studying French or German at that school.
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Corollary 7.14 (Addition Rule). Let A and B be finite sets and AN B = (). Then
|AUB|=|A|+|B|.
Proof. Tt is immediately from Theorem 7.12. O
Corollary 7.15. Let A and B be finite sets. Then
|[AN B|=|A|—|ANB|.
Proof. Note that (A\ B)N(ANB) =0 and (A\ B)U (AN B) = A. Then by Corollary 7.14,
|[ANB|+|ANB|=|(A\B)U(ANB)| =|A|.
Hence |A~ B| = |A] — |AN B]. O
Definition 7.16. Let a € R. Define the floor function of a by
la] = max{n € Z |n < a}.
Example 7.17. [2.8] =2, |3] =3, and |—-2.8] = —3.

Example 7.18. There are L%J = 33 integers divisible by 3 between 1 and 100.
There are |19 | = 14 integers divisible by 7 between 1 and 100.
There are | 12| = 4 integers divisible by both 3 and 7 between 1 and 100.
Thus, there are 33 + 14 — 4 = 43 integers between 1 and 100 divisible by either 3 or 7.
There are 33 — 4 = 29 integers between 1 and 100 which are divisible by 3 but not 7.

Theorem 7.19 (Principal of Inclusion-Exclusion). Let A1,..., A, be finite sets. Then

AL U U AL =D A=Y JAN A+ -+ (=)™ A N0 Ayl
1=1

i<j
Example 7.20. Let Aj, Ay, A3 be finite sets. Then
|A1 U As U As| = |A1| + |A2| + |As] — |41 N As| — |A1 N As| — |As N As| + |41 N Ay N Asl.

Theorem 7.21 (Multiplication Rule). Let Ay,..., A, be finite sets. Then
Ay x -+ x Ay | = [J1Ail-
i=1

Example 7.22. For example at a restaurant, one has a choice of 4 salads, 10 entrees and 6 desserts,
how many ways can you order a three-course meals if you choose exactly one salad, one entree and
one dessert? We use the multiplication rule and see that we have 4(10)(6) = 240 possible three-
course meals.

If at the same restaurant, you will only order two of the three courses, how many ways can you
choose a two-course meal. Here we will combine the addition rule and the multiplication rule. You
can order either a salad and an entree, a salad and a dessert or an entree and a dessert. Hence
there are 4(10) 4+ 4(6) + 10(6) = 124 ways to order 2 courses.
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7.3 Permutation

Suppose 20 runners are participating in a Cross Country race. How many possible ways can the
top 5 places be awarded? The first place can be chosen from among all 20 runners, but once the
first place runner has been chosen, then there are only 19 competing for 2nd place, 18 for 3rd, 17
for 4th and 16 for 5th place. So there are 20(19)(18)(17)(16) = 1860480 ways to award the top 5
places.

Suppose you have three sculptures and 10 display cases in your house where you could put the
sculptures. If each display case is to hold at most one sculpture, how many ways can you display
your three sculptures? There are 10 ways to choose one display case for the first sculpture. Once
this case has been chosen there are only 9 left to display the remaining 2 sculptures and once one
of these is chosen there will only be 8 remaining cases to display the last sculpture so there are
10(9)(8) = 720 ways to display the sculptures.

In each of the above scenarios, we had n distinct objects and r distinct slots to place them
in. For example with the runners we had 20 unique objects (the runners) and 5 unique slots (the
places) that we wanted to place these runners. With the sculpture and the display cases, the objects
are now the display cases and the slots are the sculptures. We define a permutation to be a set of
distinct symbols which are arranged in order. An r-permutation of n symbols is a permutation of
r of the n symbols. The number of r-permutations is

nn—1)-(n—r+1)(n-—r) n!

P(n,r)i=n(n—1)--(n—r+1)= =) G

Example 7.23. A man, a woman, a boy, a girl and a dog are lined up for a picture.

(a) How many ways can they line up for the picture?

Since there are 5 distinct living things lined up in the picture there are 5! = 120 ways for them
to line up.

(b) How many ways can they line up if the dog is in the middle? If the dog is in the middle, then
there are four people left to line up so there are 4! = 24 ways for them to line up with the dog in
the middle.

(¢) How many ways can they line up if the man always follows the woman in the line up?

If the man always follows the woman, we can treat them as a block taking up two slots in the
line. There are 4 ways to place the man and the woman in two adjacent spots where the man
follows the woman. After the man and the woman have taken their spots, there are 3 spots left in
the line where the boy, girl and the dog can line up so 3! ways. Using the multiplication rule we
see there are 4(3!) = 4! = 24 ways for them to line up this way too.

7.4 Combinations and Binomial Coefficients

Suppose now that we have n distinct objects and we want to select r of them without caring about
the order. For example, we may have a red, a green, a blue and a yellow marble in a bag and we
want to grab 2 of the marbles out of the bag. When we grab the marbles we don’t do it in any
particular order. Grabbing a blue and a yellow marble is indistinguishable from grabbing a yellow
and a blue marble. There are 6 ways to select two marbles. Let R denote red, G denote green, B
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denote blue and Y denote yellow. The possibilities are RG, RB, RY, GB, GY and BY. This is
an example of the set of 2 combinations of 4 which we will define below.

Definition 7.24. An r-combination of n distinct objects is any collection of r of the objects. The
number of r-combinations of n objects is denoted either (”) and is -

r rli(n—r)!*
n\ _ P(n,r)
r)
!

where P(n,r) = ﬁ is the number of r-permuation of n sysmbols.

Remark.

Example 7.25. Suppose a 5 member committee is to be chosen from a group of 4 women and 6
men.

(a) How many ways can committees be chosen?

Since there are 10 people, there are

10\ 100 10(9)(8)(7)(6)
<5>:5!5!: e

(b) How many ways can committees be chosen if the committee has exactly 2 women?

There are 4 women to choose the 2 women from and 6 men to choose the 3 men from. So there
are (;1) = 6 ways to choose the women on the committee and (g) = 20 ways to choose the men.
Now using the multiplication rule, there will be 6(20) = 120 ways of choosing a committee with 2
women and 3 men.

(¢) How many ways can committees be chosen if there are at most two women?

If at most two women are on the committee, then either there are no women, one woman or
two women. These scenario’s are mutually exclusive so the sets of committees with no women,
one woman and two women will be pairwise disjoint. So using the addition rule we can add the
number of committees with no women to the number with one woman to the number with two
women to find our answer. There are (g) = 6 ways of choosing a committee with no women. There
are (D (i) = 35(4) = 140 ways of choosing a committee with one woman. There are 120 ways of
choosing a committee with two women as we did in (2) above. So there are 6 4+ 140 + 120 = 266
ways of choosing a committee with at most two women.

Example 7.26. Suppose we have 6 ceramic sculptures which could be on display in any of 13
display cases. Assuming that each display case can hold at most one sculpture. How many ways
can we display 4 of these sculpture in the display cases?

We first have to choose which of the four sculptures will be on display. There are (2) = 15 ways
of choosing the 4 sculptures. Now that we have chosen the sculptures, we need to determine the 4
locations for the sculptures. Since there are 13 cases, there are P(13,4) = 13(12)(11)(10) = 17,160
ways of displaying the 4 chosen sculptures. So there are 15(17160) = 257,400 ways of displaying
any of the 4 sculptures.

Remark. The r-combinations of n are used heavily in the binomial theorem. Consider

+y)(@+y)(@+y)(@+y) =@+y)"
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In expanding this expression as a sum of terms, we need to determine how many copies of z*, 23y,
2%y?, zy> and y* there are. There will be only one copy of 2* since from each of the four copies of
z + y in the product we will choose the x or 0 copies of y. There will be 4 = (;l) copies of 23y since
we can choose one y from each of the four copies of z + y. Similarly, there will be 6 = (g) copies of
22y?, 4 = (g) copies of zy? and 1 = (j) copy of y*. Hence

(z +y)t = 2t + 423y + 622y% + 4y + ¢t
Theorem 7.27 (Binomial Theorem). For any n € N,
n __ . n n—1i,.1
oy =3 (7)o

Before proving the theorem, notice that the binomial coefficients appearing in the sum above
correspond to the coefficients in the nth row of Pascal’s triangle

n=>0 1

n=1 1 1

n=2 1 2 1

n=3 1 3 3 1
n=4 1 4 6 4 1
n=>5 1 5 10 10 5 1
n==06 1 6 15 20 15 6 1

This symmetric triangle continues infinitely downward. Notice that every entry is the sum of
the two entries directly above it. We can make it a proposition as follows:

Proposition 7.28. For all n,r € Nwithn >2and 1 <r <n,

-0+

n—1 n—1\ (n—1)! (n—1)!
<r—1>+( r )((n—l)—(r—l))!(r—l)!Jr(n—l—r)!r!
. (n—1)! (n—r)(n—1)!

=)= (n—r)(n—1-7)r!
rin—=1! (n—r)(n—1)!

Proof.

(n—r)lr! (n—r)lr!
_ n(n—1)
(n—r)lr!
n!
- (n—r)lr!

()
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Now using this proposition we can prove the binomial theorem.
Proof of the binomial theorem: Prove by induction.

Base case: (e+y)' = (z+y) = (é)x + G)y

Induction step: Assume that (z 4+ y)" = Y1, ()2 %y’ for some n > 2. Multiply both sides by
(z + y) to obtain

e = (1)

_ () nt1 — (n ntl—i, i - n nt+l—i, i T\ 0 n+l
_<O)x +Z(l)x Y —l—;(il)x Y —i—(n)xy
>+ < n )> wn+17iyi+yn+1
1 —1

_ (n + 1> xn+1y0 + (” JF 1> mn+17iyi + (” + 1) onn+1
0 — ) n+1

where the third equality follows from the change of index (variable): j =i+ 1ori=j— 1.
As a consequence of the theorem, we can see that each row of Pascal’s Triangle sums to 2n since

2n:(1+1)":i(7;>.

=0

7.5 Repetitions

Suppose now that we allow some repetition of our objects. For example, suppose we have three
identical white marbles and we want to place them among 10 distinct boxes. If at most one marble
goes in each box, we know how to count this already. We just need to choose three boxes from the
10 or we have (130) = 120 ways of placing the marbles.

Now suppose we can put any number of marbles into a box. We can either put at most one
marble in a box, or we could put 2 in one box and one in another box, or we could put all three
in one box. There are 2!(120) = 90 ways of placing 2 marbles in one box and one in another. The
reason why we multiplied by 2! is because once we have chosen the two boxes, we can either place
2 in the first box or two in the second box. There are 10 ways of placing all three in the 10 boxes.
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Using our addition principle, we find that there are 220 ways of placing the 3 marbles in the 10
boxes.

Notice that (1O+3371) = %))((11)0) = 220. If we try to put 9 identical marbles into 4 distinct

boxes, this is much harder to analyze on a case by case basis but actually there are (4+g*1) = 220
ways of placing the 9 marbles in the 4 boxes. We will use the following proposition for counting
the placement of identical objects in distinct boxes.

Proposition 7.29. Let n,r € ZT. There are ("+:71) ways of placing r identical objects into n
distinct boxes, where we suppose that each box can hold up to r objects.

Example 7.30. Suppose we have 3 identical red marbles and 2 identical blue marbles. How many
ways can we place them in 7 distinct boxes? There are (7+§_1) = 84 ways to place the red marbles
in the boxes and (7+§71) = 28 ways to place the blue marbles. Using the multiplication principle,
we have 84(28) = 2352 ways of placing the marbles.

Example 7.31. Let n,r € Z*. How many nonnegative integer solutions are there to
T+ a0+ -+ x, =17

We can think of r =1+ 1+ .-+ 1 and the solutions to this equation will be the placements of
1’s into the “box” for each variable. So the number of solutions is ("*/~").

Example 7.32. We also need to be careful when we have permutations involving some objects
which are not distinct. For example, suppose we want to determine the number of anagrams of
CHEESE. The E’s are not distinct. First pretend the E’s are distinct. For example, one is F, the
other e and the last is e. There are 6! = 720 anagrams with different representations for each E.
However, since they were all the same after all, we will divide by 3! which is the number of ways
that we can order the three “distinct” E’s. So there are % = 120 anagrams of CHEESE.

Example 7.33. If we want to place 4 red marbles, 3 blue marbles and 2 green marbles in 9 boxes
so that each box has at most one marble, we can use the multiplication principle to find that there

are (Z) (g) (g) = 4!252!. Notice the similarity to Example 7.32.

7.6 Pigeonhole Principle

Proposition 7.34. (Pigeonhole Principle Version 1) Let n,m € Z'. Suppose we have n > m
objects that need to be placed in m boxes. Then at least one box has at least two objects in it.

Proof. Let A,, represent the set of the n objects and B,, represent the set of m boxes. Consider
a function f : A, — B,, which represents the placement of objects into boxes. Since |A,| =n >
m = |By,|, then f cannot be one to one so there exists i,j € A, and k € B,, with f(i) =k = f(j).
Thus, the box represented by k has at least two objects placed in it. O

Proposition 7.35. (Pigeonhole Principle Version 2) Let A and B be finite sets and |A| =n = | B,
where n € Z*. Let f : A — B. Then the following properties are equivalent.

(i) f is one-to-one.

(i) f is onto.
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Proof. (i) = (ii) Assume that f is one-to-one. Suppose that f is not onto. Then there exists
some by,...,by € B such that by,...,b; & Ran(f). Then we need place n objects in A to n — k
boxes. Hence by proposition 7.34, at least one box has at least two objects in it, contradicting the
definition of the function f.

(ii) = (i) Assume that f is onto. Suppose that f is not one-to-one. Then there exists i,j € A
such that f(i) = f(j). Hence |[Ran(f)| < |A| = |B|, so Ran(f) C B, contradicting f is onto. O
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