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Chapter 1

Propositional Calculus

1.1 Formulas

Definition 1.1.1. The propositional connectives are negation (=), conjunction
(N), disjunction (V), implication (=), bismplication (< ). They are read as
“not”, “and”, “or”, “if-then”, “if and only if” respectively. The connectives A,
V, =, & are designated as binary, while - is designated as unary.

Definition 1.1.2. A propositional language L is a set of propositional atoms
D,q,7,.... An atomic L-formula is an atom of L.

Definition 1.1.3. The set of L-formulas is generated inductively according to
the following rules:

1. If p is an atomic L-formula, then p is an L-formula.
2. If A is an L-formula, then (= A) is an L-formula.

3. If A and B are L-formulas, then (AA B), (AV B), (A= B), and (A< B)
are L-formulas.

Note that rule 3 can be written as follows:

3'. If A and B are L-formulas and b is a binary connective, then (Ab B) is an
L-formula.

Example 1.1.4. Assume that L contains propositional atoms p, ¢, r, s. Then

((p=a)A(qgVr)=(pVr))=-(qVs)
is an L-formula.

Definition 1.1.5. If A is a formula, the degree of A is the number of occurrences
of propositional connectives in A. This is the same as the number of times rules
2 and 3 had to be applied in order to generate A.



Example 1.1.6. The degree of the formula of Example 1.1.4 is 8.

Remark 1.1.7 (omitting parentheses). As in the above example, we omit
parentheses when this can be done without ambiguity. In particular, outermost
parentheses can always be omitted, so instead of ((—A)=-B) we may write
(= A)= B. But we may not write = A=- B, because this would not distinguish
the intended formula from - (A= B).

Definition 1.1.8. Let L be a propositional language. A formation sequence is
finite sequence A1, As, ..., A, such that each term of the sequence is obtained
from previous terms by application of one of the rules in Definition 1.1.3. A
formation sequence for A is a formation sequence whose last term is A. Note
that A is an L-formula if and only if there exists a formation sequence for A.

Example 1.1.9. A formation sequence for the L-formula of Example 1.1.4 is
ps @, p=¢q, 7 qVr, (p=q)A(qVr), pvr, (p=q)A(qVr))=(pVr),
s, qVs, ~(qVs), (p=q)A(gVr))=(pVr))=-(qVs).

Remark 1.1.10. In contexts where the language L does not need to be speci-
fied, an L-formula may be called a formula.

Definition 1.1.11. A formation tree is a finite rooted dyadic tree where each
node carries a formula and each non-atomic formula branches to its immediate
subformulas (see the example below). If A is a formula, the formation tree for
A is the unique formation tree which carries A at its root.

Example 1.1.12. The formation tree for the formula of Example 1.1.4 is
(p=a)A(gVr))=(pVr))=—(qVs)

(p=q¢)A(gVr))=(pVr) - (qVs)

/A |

(p=aq)A(gVvr) pVr qVs

/N /N /N
p=q qVr p T q s
/NN

p qa q r

or, in an abbreviated style,

=
N\
/A |
A V V
A /A
= VvV pr q s
AN
p qqr



Remark 1.1.13. Note that, if we identify formulas with formation trees in the
abbreviated style, then there is no need for parentheses.

Remark 1.1.14. Another way to avoid parentheses is to use Polish notation.
In this case the set of L-formulas is generated as follows:

1. If p is an atomic L-formula, then p is an L-formula.
2. If Ais an L-formula, then = A is an L-formula.

3. If A and B are L-formulas and b is a binary connective, then b A B is an
L-formula.

For example, (—p) = ¢ becomes = —p ¢, and — (p=>¢) becomes = = p q. The
formula of Example 1.1.4 becomes

> =>AN=>pqVqgrNVNpr—-Vgs
and a formation sequence for this is
p,q, =>pq,r, Vqgr, N =pgVqr, Vpr, = N=pqgVqgrVpr,
s, Vgs,mVqs, = =>AN=pqgVqrVpr—Vgs.

Obviously Polish notation is difficult to read, but it has the advantages of being
linear and of not using parentheses.

Remark 1.1.15. In our study of formulas, we shall be indifferent to the ques-
tion of which system of notation is actually used. The only point of interest for
us is that each non-atomic formula is uniquely of the form — A or Ab B, where
A and B are formulas and b is a binary connective.

Exercises 1.1.16. Let C be the formula (pA—q)=-(pVr).
1. Restore all the omitted parentheses to C. (See Remark 1.1.7.)
2. Exhibit a formation sequence for C.

3. List the immediate subformulas of C, their immediate subformulas, etc.,
i.e., all subformulas of C.

4. Calculate the degrees of C' and its subformulas.
5. Display the formation tree of C.
6. Write C according to various notation systems:

(a) The rules 1-3 of Definition 1.1.3:

1. Each atom is a formula.
2. If A is a formula then (= A) is a formula.

3. If A and B are formulas and b is a binary connective, then (AbB)
is a formula.



(b) The following alternative set of rules:

1. Each atom is a formula.
2. If A is a formula then — (A) is a formula.

3. If A and B are formulas and b is a binary connective, then
(A)b(B) is a formula.

(c) Polish notation.

(d) Reverse Polish notation.

1.2 Assignments and Satisfiability
Definition 1.2.1. There are two truth values, T and F, denoting truth and
falsity.
Definition 1.2.2. Let L be a propositional language. An L-assignment is a
mapping

M : {p| pis an atomic L-formula} — {T,F}.

Note that if L has exactly n atoms then there are exactly 2™ different L-
assignments.

Lemma 1.2.3. Given an L-assignment M, there is a unique L-valuation
vp s {A| Ais an L-formula} — {T,F}
given by the following clauses:

T if ’UM(A) N

1 A) = =
D= ) =T,

if ’UM(A) = ’UM(B) = T,

T
2. ANB) =
o ( ) { F if at least one of vpr(A), vy (B) =F.

if at least one of vy (A), vy (B) =T,

T
3. vm(AVB) = { F if up(A) = vy (B) =F.

4. vy (A= B) = vy (~(AA-B)).

T if UA{(A) = UA[(B),

5. vm(Ae B) = { F if vy (A) # v (B).

Proof. The truth value vy (A) is defined by recursion on L-formulas, i.e., by
induction on the degree of A where A is an arbitrary L-formula. O

Remark 1.2.4. Note that each clause of Lemma 1.2.3 corresponds to the fa-
miliar truth table for the corresponding propositional connective. Thus clause
3 corresponds to the truth table



A B AvVB

T T T

T F T

F T T

F F F

for V, and clause 4 corresponds to the truth table

B A=2B

eSSl s B
M HMEH
HH=H

for =.

Remark 1.2.5. Lemma 1.2.3 may be visualized in terms of formation trees.
To define vpr(A) for a formula A, one begins with an assignment of truth values
to the atoms, i.e., the end nodes of the formation tree for A, and then proceeds
upward to the root, assigning truth values to the nodes, each step being given
by the appropriate clause.

Example 1.2.6. Counsider the formula (p=¢) = (¢=r) under an assignment
M with M(p) =T, M(q) =F, M(r) = T. In terms of the formation tree, this
looks like

and by applying clause 4 three times we get

(p;&q (g=r)

/\

p:>q qj?"

/\ /\
pa g
TF F T

and from this we see that vy ((p=¢q) = (¢g=r)) =T.

Remark 1.2.7. The above formation tree with truth values can be compressed
and written linearly as



This illustrates a convenient method for calculating vps(A), where M is an
arbitrary L-assignment.

Remark 1.2.8. Lemma 1.2.3 implies that there is an obvious one-to-one cor-
respondence between L-assignments and L-valuations. If the language L is
understood from context, we may speak simply of assignments and valuations.

We now present some key definitions. Fix a propositional language L.

Definition 1.2.9. Let M be an assignment. A formula A is said to be true
under M if vpr(A) =T, and false under M if vy (A) =F.

Definition 1.2.10. A set of formulas S is said to be satisfiable if there exists
an assignment M which satisfies S, i.e., vpr(A) =T for all A€ S.

Definition 1.2.11. Let S be a set of formulas. A formula B is said to be a
logical consequence of S if it is true under all assignments which satisfy S.

Definition 1.2.12. A formula B is said to be logically valid (or a tautology) if
B is true under all assignments. Equivalently, B is a logical consequence of the
empty set.

Remark 1.2.13. B is a logical consequence of Ay, ..., A, if and only if
(AN ---NA,) =B
is logically valid. B is logically valid if and only if = B is not satisfiable.
Exercises 1.2.14.
1. Use truth tables to show that ((A= B) = A) = A is logically valid.

2. Use truth tables to show that (A A B) = C is logically equivalent to
A= (B=C).

Exercises 1.2.15. Prove the following. (See Remarks 1.2.13 and 1.3.2.)
1. B is logically valid if and only if = B is not satisfiable.
2. B is satisfiable if and only if — B is not logically valid.

3. B is a logical consequence of Aq,..., A, if and only if
(A1 A -+ NA,) = B is logically valid.

4. A is logically equivalent to B if and only if A< B is logically valid.

Exercise 1.2.16. Brown, Jones, and Smith are suspected of a crime. They
testify as follows:

Brown: Jones is guilty and Smith is innocent.

Jones: If Brown is guilty then so is Smith.



Smith: I'm innocent, but at least one of the others is guilty.

Let b, j, and s be the statements “Brown is innocent,” “Jones is innocent,”
“Smith is innocent”.

1. Express the testimony of each suspect as a propositional formula. Write
a truth table for the three testimonies.

2. Use the above truth table to answer the following questions:

(a)
(b)

()

(d)
(e)

Solution.

Are the three testimonies consistent?

The testimony of one of the suspects follows from that of another.
Which from which?

Assuming everybody is innocent, who committed perjury?
Assuming all testimony is true, who is innocent and who is guilty?

Assuming that the innocent told the truth and the guilty told lies,
who is innocent and who is guilty?

1. The testimonies are:

B: (mj)As

J (=b)=(—s)

St sA((=b)V(=]))

The truth table is:
b j s B J S

1 T T T F T F
2 T T F F T F
3 T F T T T T
4 T F F F T F
5 F T T F F T
6 F T F F T F
7T F F T T F T
8 F F F F T F

Yes, by line 3 of the table.

The table shows that S is a logical consequence of B. In other words,
Smith’s testimony follows from Brown’s.

If everybody is innocent, we are in line 1 of the table. Hence B and
S are false, i.e., Brown and Smith lied.

If all the testimony is true, we are in line 3 of the table. Thus Brown
and Smith are innocent, while Jones is guilty.

Our assumption is vps (b) = vpr(B), var (§) = var(J), var(s) = var(S).
Hence we are in line 6 of the table. Thus Jones is innocent, and Brown
and Smith are guilty.



1.3 Logical Equivalence

Definition 1.3.1. Two formulas A and B are said to be logically equivalent,
written A = B, if each is a logical consequence of the other.

Remark 1.3.2. A = B holds if and only if A< B is logically valid.

Exercise 1.3.3. Assume A; = A5. Show that

1.
2.
3.

8.
9.

A=Ay

AiNB = A; A\ B;
BANA{ = BAAs;
AiVB= AV B;
BV A =BV As;
A, =B = A,= B;
B= A, = B= As;
A& B = Ay & B,
B& Ay = Bs As.

Exercise 1.3.4. Assume A; = A,. Show that for any formula C' containing
A; as a part, if we replace one or more occurrences of the part A; by As, then
the resulting formula is logically equivalent to C. (Hint: Use the results of the
previous exercise, plus induction on the degree of C.)

Remark 1.3.5. Some useful logical equivalences are:

1.

commutative laws:
(a) ANB=BAA
(b) A VB=BVA
(c) Ao B=B& A
Note however that A= B # B= A.

. associative laws:

(a) AN(BAC)=(AAB)AC
(b) Av(BvC)=(AvB)vC
(¢c) A (Be(C)=(AeB)eC

Note however that A= (B=C) # (A= B)=

distributive laws:

10

C.



(a) AN(BVC)=(AAB)V(ANC)
(b) AV(BAC)=(AVB)A(AVO)
A= (BAC)=(A=B)AN(A=C

)
)
(©) )
(d) A=(Bv(C)=(A=B)VvV(A=C0C)
(e) (ANB)=C=(A=C)v(B=C)

f) (AVB)=C=(A=C)AN(B=()
Note however that (AANB)=C # (A=C)A(B=C),and (AVB)=C #
(A=C)v(B=0).

4. negation laws:

(a) ~(AAB)=(~A)V(=B)

(b) =(AVB) = (=4)A(=B)
(c) A=A

(d) ~(A=B)=AA-B

(e) " (AeB)=(-A)<B
(f) ~(A&B)=A< (—B)

) A=B=(-A)VB

(¢) A=B=(-B)=(-A4)

(d) Ao B=(A=B)A(B=A)
() A& B=(-A)<(—B)

Definition 1.3.6. A formula is said to be in disjunctive normal form if it is

of the form A; V --- V A,,, where each clause A;, i = 1,...,m, is of the form
BiA--- ANBy, and each Bj, j = 1,...,n is either an atom or the negation of
an atom.

Example 1.3.7. Writing p as an abbreviation for — p, the formula

(p1 APz Ap3) V (P1 Ap2 Ap3) V (p1 APz AD3)
is in disjunctive normal form.

Exercise 1.3.8. Show that every propositional formula C is logically equivalent
to a formula in disjunctive normal form.

Remark 1.3.9. There are two ways to do Exercise 1.3.8.

1. One way is to apply the equivalences of Remark 1.3.5 to subformulas of C'
via Exercise 1.3.4, much as one applies the commutative and distributive
laws in algebra to reduce every algebraic expression to a polynomial.

11



2. The other way is to use a truth table for C. The disjunctive normal form
of C has a clause for each assignment making C' true. The clause specifies
the assignment.

Example 1.3.10. Consider the formula (p=-¢)=r. We wish to put this in
disjunctive normal form.

Method 1. Applying the equivalences of Remark 1.3.5, we obtain

(p=q)=r = rVv-(p=y9q)
= rVa-(pA-gq)
= rV(pA-gq)
and this is in disjunctive normal form.
Method 2. Consider the truth table
p g v p=q (p=q=>r
1 T T T T T
2 T T F T F
3 T F T F T
4 T F F F T
5 F T T T T
6 F T F T F
7 F F T T T
8 F F F T F

Each line of this table corresponds to a different assignment. From lines 1, 3,
4,5, 7 we read off the following formula equivalent to (p = ¢) = r in disjunctive
normal form:

(PAGAT)V (PAGAT)V (DAGAT)V (BAGAT)V (BATAT) .

1.4 The Tableau Method

Remark 1.4.1. A more descriptive name for tableaux is satisfiability trees. We
follow the approach of Smullyan [4].

Definition 1.4.2. A signed formula is an expression of the form TA or FA,
where A is a formula. An unsigned formula is simply a formula.

Definition 1.4.3. A signed tableau is a rooted dyadic tree where each node
carries a signed formula. An wunsigned tableau is a rooted dyadic tree where
each node carries an unsigned formula. The signed tableau rules are presented
in Table 1.1. The unsigned tableau rules are presented in Table 1.2. If 7 is a
(signed or unsigned) tableau, an immediate extension of T is a larger tableau 7/
obtained by applying a tableau rule to a finite path of 7.

12



TAANB FAANB

TA FA FB
TB
TAVB FAVB
/\ |
TA TB FA
FB
TA=B FA=B
/N |
FA TB TA
FB
TA< B FA< B
/ N\ / o\
TA FA TA FA
TB FB FB TB
T-A F-A
| |
FA TA

Table 1.1: Signed tableau rules for propositional connectives.

13



ANB

AV B

A=B

/A

-A B

/A
A -A
B -B

Table 1.2: Unsigned tableau rules for propositional connectives.

ﬁﬁA

|
A

14

- (A:/\ B)

-A -B

~(AV B)

-A
-B



Definition 1.4.4. Let X1,..., X} be a finite set of signed or unsigned formulas.
A tableau starting with X1, ..., X} is a tableau obtained from

X1
Xy,
by repeatedly applying tableau rules.

Definition 1.4.5. A path of a tableau is said to be closed if it contains a
conjugate pair of signed or unsigned formulas, i.e., a pair such as TA, FA in
the signed case, or A, = A in the unsigned case. A path of a tableau is said to
be open if it is not closed. A tableau is said to be closed if each of its paths is
closed.

The tableau method:

1. To test a formula A for validity, form a signed tableau starting with F A, or
equivalently an unsigned tableau starting with — A. If the tableau closes
off, then A is logically valid.

2. To test whether B is a logical consequence of Aq,..., Ay, form a signed
tableau starting with TA;, ..., TAg, FB, or equivalently an unsigned
tableau starting with Aq,..., Ax, - B. If the tableau closes off, then B is
indeed a logical consequence of Ay, ..., Ag.

3. To test Ay,..., Ay for satisfiability, form a signed tableau starting with
TAq, ..., TAg, or equivalently an unsigned tableau starting with Ay, ..., Ag.
If the tableau closes off, then Ay, ..., Ax is not satisfiable. If the tableau
does not close off, then A, ..., Ay is satisfiable, and from any open path
we can read off an assignment satisfying Ay, ..., Ag.

The correctness of these tests will be proved in Section 1.5. See Corollaries
1.5.9, 1.5.10, 1.5.11 below.

Example 1.4.6. Using the signed tableau method to test (p Agq) = (¢ Ap) for
logical validity, we have
F(png)=(qg/Ap)

Since (every path of) the tableau is closed, (p A q) = (¢ Ap) is logically valid.

Exercises 1.4.7.

15



1. Use a signed tableau to show that (A=-B)= (A= C) is a logical conse-
quence of A= (B=0C).
Solution.
TA=(B=0C)
F(A=B)=(A=C)
TA=B
FA=C
TA
FC

/A
FA TB=C

/N
FB TC

/\
FA TB

2. Use a signed tableau to show that A= B is logically equivalent to
(= B)= (= A).

Solution.
F(A=B)& ((-B)=(-4))
/ \
TA=B FA=B
F(=B)=(~A4) T(=B)=(-4)
T-B TA
F-A FB
FB /O
TA F-B T-A
/ \ TB FA
FA TB

3. Use an unsigned tableau to show that A= (B = C) is logically equivalent
to (AAB)=C.

Solution. ~(A= (B=0)) = ((AAB)=O))
/ \

A= (B=C) - (A= (B=0))
~((AAB)=C) AnB)=C
AAB A
C -(B=0C)
A B
s -~C
/o /\
-A B=C ~(AAB) C
/ o\ / o\

-B C -A -B



4. Use an unsigned tableau to test (pV ¢) = (p A q) for logical validity. If this
formula is not logically valid, use the tableau to find all assignments which

falsify it.
Solution.
~((pVa)=(pNq)
pVyq
—(pAaq)
/ \
p q
/NN

-p —7q ~p g
1 2 3 4

The open paths 2 and 3 provide the assignments My and M3 which falsify
our formula. My(p) =T, Ma(q) =F, Ms(p) =F, Ms(q) =T.

5. Redo the previous problem using a signed tableau.

Solution.
F(pva)=(pArq)
TpVg
FpAg
/ \
Tp q
/N / o\
Fp Fq Fp Fq
1 2 3 4

T

The open paths 2 and 3 provide the assignments My and M3 which falsify
our formula. My(p) =T, Ma(q) =F, Ms(p) =F, Ms(q) =T.
Exercise 1.4.8.
1. Formulate the following argument as a propositional formula.

If it has snowed, it will be poor driving. If it is poor driving, I
will be late unless I start early. Indeed, it has snowed. Therefore,
I must start early to avoid being late.

Solution. Use the following atoms.

s: it has snowed

p: it is poor driving
[ T will be late

e: I start early

17



The argument can be translated as follows: s=p, p= (I Ve), s, therefore
(=) = e. Written as a single propositional formula, this becomes:

((s=p)A(p=(IVe)As)=((—1)=e).

2. Use the tableau method to demonstrate that this formula is logically valid.
Solution.
F((s=p) A= (Ve) As)=((=1) =)
T(s=p)A(p=(IVe))As
F(=l)=e
Ts=p
T(p=(1IVe))As

Tp=(IVe)

Ts

T-1

Fe

Fl

/A
Fs Tp

/N
Fp Tlve

/\
Tl Te

1.5 The Completeness Theorem

Let Xi,..., X be a finite set of signed formulas, or a finite set of unsigned
formulas.

Lemma 1.5.1 (the Soundness Theorem). If 7 is a finite closed tableau starting
with X71,..., Xy, then X1,..., X} is not satisfiable.

Proof. Straightforward. O

Definition 1.5.2. A path of a tableau is said to be replete if, whenever it
contains the top formula of a tableau rule, it also contains at least one of the
branches. A replete tableau is a tableau in which every path is replete.

Lemma 1.5.3. Any finite tableau can be extended to a finite replete tableau.

Proof. Apply tableau rules until they cannot be applied any more. ([

Definition 1.5.4. A tableau is said to be open if it is not closed, i.e., it has at
least one open path.

Lemma 1.5.5. Let 7 be a replete tableau starting with X1,..., X;. If 7 is
open, then X7, ..., X} is satisfiable.

18



In order to prove Lemma 1.5.5, we introduce the following definition.

Definition 1.5.6. Let S be a set of signed or unsigned formulas. We say that
S is a Hintikka set if

1. S “obeys the tableau rules”, in the sense that if it contains the top formula
of a rule then it contains at least one of the branches;

2. S contains no pair of conjugate atomic formulas, i.e., Tp, Fp in the signed
case, or p, = p in the unsigned case.

Lemma 1.5.7 (Hintikka’s Lemma). If S is a Hintikka set, then S is satisfiable.
Proof. Define an assignment M by

_ T if Tp belongs to S
Mp) = { F  otherwise

in the signed case, or

- T if p belongs to S
M(p) = { F  otherwise

in the unsigned case. It is not difficult to see that vy (X) =T for all X € S. O

To prove Lemma 1.5.5, it suffices to note that a replete open path is a Hin-
tikka set. Thus, if a replete tableau starting with X7, ..., X} is open, Hintikka’s
Lemma implies that X7, ..., X} is satisfiable.

Combining Lemmas 1.5.1 and 1.5.3 and 1.5.5, we obtain:

Theorem 1.5.8 (the Completeness Theorem). X1, ..., X} is satisfiable if and
only if there is no finite closed tableau starting with Xi,..., Xx.

Corollary 1.5.9. Ay, ..., Ak is not satisfiable if and only if there exists a finite
closed signed tableau starting with T A1, ..., T Ay, or equivalently a finite closed
unsigned tableau starting with A, ..., Ag.

Corollary 1.5.10. A is logically valid if and only if there exists a finite closed
signed tableau starting with FA, or equivalently a finite closed unsigned tableau
starting with — A.

Corollary 1.5.11. B is a logical consequence of A1, ..., Ay if and only if there
exists a finite closed signed tableau starting with TAq, ..., TAg, FB, or equiv-
alently a finite closed unsigned tableau starting with Aq,..., Ag, - B.

Exercise 1.5.12. Consider the following argument.

The attack will succeed only if the enemy is taken by surprise or the
position is weakly defended. The enemy will not be taken by surprise
unless he is overconfident. The enemy will not be overconfident if the
position is weakly defended. Therefore, the attack will not succeed.

1. Translate the argument into propositional calculus.

2. Use an unsigned tableau to determine whether the argument is logically
valid.
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1.6 Trees and Konig’s Lemma

Up to this point, our discussion of trees has been informal. We now pause to
make our tree terminology precise.

Definition 1.6.1. A tree consists of
1. aset T
2. a function ¢ : T — NT,
3. a binary relation P on T.

The elements of T" are called the nodes of the tree. For z € T, {(z) is the level
of z. The relation xPy is read as x immediately precedes y, or y immediately
succeeds x. We require that there is exactly one node x € T such that ¢(x) = 1,
called the root of the tree. We require that each node other than the root has
exactly one immediate predecessor. We require that £(y) = £(z) + 1 for all
x,y € T such that zPy.

Definition 1.6.2. A subtree of T is a nonempty set T/ C T such that for all
y € T and xPy, x € T'. Note that T" is itself a tree, under the restriction of £
and P to T'. Moreover, the root of T’ is the same as the root of T

Definition 1.6.3. An end node of T is a node with no (immediate) successors.
A path in T is a set S C T such that (1) the root of T belongs to S, (2) for each
x € 8, either x is an end node of T or there is exactly one y € S such that zPy.

Definition 1.6.4. Let P* be the transitive closure of P, i.e., the smallest re-
flexive and transitive relation on 7' containing P. For z,y € T, we have x P*y
if and only if = precedes y, i.e., y succeeds x, i.e., there exists a finite sequence
x = xgPx1Pxy - xy—1 Px, = y. Note that the relation P* is reflexive (zP*x
for all z € T), antisymmetric (zP*y and yP*z imply « = y), and transitive
(zP*y and yP*z imply xP*z). Thus P* is a partial ordering of T'.

Definition 1.6.5. T is finitely branching if each node of T" has only finitely
many immediate successors in T'. T is dyadic if each node of T has at most two
immediate successors in T'. Note that a dyadic tree is finitely branching.

Theorem 1.6.6 (Konig’s Lemma). Let T" be an infinite, finitely branching tree.
Then T has an infinite path.

Proof. Let T be the set of all z € T such that = has infinitely many successors
in 7. Note that 7" is a subtree of T'. Since 7' is finitely branching, it follows by
the pigeonhole principle that each x € T" has at least one immediate successor
y € T. Now define an infinite path S = {z1,z2,...,2,,...} in T inductively by
putting x; = the root of T, and x,,+1 = one of the immediate successors of z,,
in T. Clearly S is an infinite path of T 0
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1.7 The Compactness Theorem

Theorem 1.7.1 (the Compactness Theorem, countable case). Let S be a count-
able set of propositional formulas. If each finite subset of S is satisfiable, then
S is satisfiable.

Proof. In brief outline: Form an infinite tableau. Apply Konig’s Lemma to get
an infinite path. Apply Hintikka’s Lemma.

Details: Let S = {A1, Aa,..., A;,...}. Start with A; and generate a finite
replete tableau, 7. Since A; is satisfiable, 71 has at least one open path. Append
Ay to each of the open paths of 7, and generate a finite replete tableau, 75.
Since {A;, Ao} is satisfiable, 72 has at least one open path. Append As to each
of the open paths of 75, and generate a finite replete tableau, 73. .... Put
7 =Jjo; 7. Thus 7 is a replete tableau. Note also that 7 is an infinite, finitely
branching tree. By Konig’s Lemma (Theorem 1.6.6), let S’ be an infinite path
in 7. Then S’ is a Hintikka set containing S. By Hintikka’s Lemma, S’ is
satisfiable. Hence S is satisfiable. (|

Theorem 1.7.2 (the Compactness Theorem, uncountable case). Let S be an
uncountable set of propositional formulas. If each finite subset of S is satisfiable,
then S is satisfiable.

Proof. We present three proofs. The first uses Zorn’s Lemma. The second uses
transfinite induction. The third uses Tychonoft’s Theorem.

Let L be the (necessarily uncountable) propositional language consisting of
all atoms occurring in formulas of S. If S is a set of L-formulas, we say that
S is finitely satisfiable if each finite subset of S is satisfiable. We are trying to
prove that, if S is finitely satisfiable, then S is satisfiable.

First proof. Consider the partial ordering § of all finitely satisfiable sets of
L-formulas which include S, ordered by inclusion. It is easy to see that any
chain in § has a least upper bound in §. Hence, by Zorn’s Lemma, § has a
maximal element, S*. Thus S* is a set of L-formulas, S* D S, S* is finitely
satisfiable, and for each L-formula A ¢ S*  S* U{A} is not finitely satisfiable.
From this it is straightforward to verify that S* is a Hintikka set. Hence, by
Hintikka’s Lemma, S* is satisfiable. Hence S is satisfiable.

Second proof. Let A¢, £ < «, be a transfinite enumeration of all L-formulas.
By transfinite recursion, put So = S, Set1 = Se U {A¢} if Se U {A¢} is finitely
satisfiable, S¢11 = S¢ otherwise, and S, = (J;, S¢ for limit ordinals n < a.
Using transfinite induction, it is easy to verify that S¢ is finitely satisfiable for
each ¢ < a. In particular, S, is finitely satisfiable. It is straightforward to
verify that S, is a Hintikka set. Hence, by Hintikka’s Lemma, S, is satisfiable.
Hence S is satisfiable.

Third proof. Let 9 = {T,F}* be the space of all L-assignments M : L —
{T,F}. Make 90t a topological space with the product topology where {T,F}
has the discrete topology. Since {T,F} is compact, it follows by Tychonoff’s
Theorem that 9t is compact. For each L-formula A, put My = {M € M |
vy (A) = T} Tt is easy to check that each 9,4 is a topologically closed set
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in M. If S is finitely satisfiable, then the family of sets 94, A € S has the
finite intersection property, i.e., [ cg, Ma # 0 for each finite Sy C S. By
compactness of M it follows that () ,.g9Ma # 0. Thus S is satisfiable. O

1.8 Combinatorial Applications

In this section we present some combinatorial applications of the Compactness
Theorem for propositional calculus.

Definition 1.8.1.

1. A graph consists of a set of vertices together with a specification of certain
pairs of vertices as being adjacent. We require that a vertex may not be
adjacent to itself, and that u is adjacent to v if and only if v is adjacent
to u.

2. Let G be a graph and let k be a positive integer. A k-coloring of G is a
function f : {vertices of G} — {c1,...,cx} such that f(u) # f(v) for all
adjacent pairs of vertices u, v.

3. G is said to be k-colorable if there exists a k-coloring of G. This notion is
much studied in graph theory.

Exercise 1.8.2. Let G be a graph and let k£ be a positive integer. For each
vertex v and each ¢ = 1,...,k, let p,; be a propositional atom expressing that
vertex v receives color ¢;. Define Ci(G) to be the following set of propositional
formulas: py1V -+ Vpyi for each vertex v; = (pyi Apyj) for each vertex v and
1< < j <k; = (pui Apyi) for each adjacent pair of vertices u,v and 1 <i < k.

1. Show that there is a one-to-one correspondence between k-colorings of G
and assignments satisfying Ci(G).

2. Show that G is k-colorable if and only if Ci(G) is satisfiable.

3. Show that G is k-colorable if and only if each finite subgraph of G is
k-colorable.

Definition 1.8.3. A partial ordering consists of a set P together with a binary
relation <p such that

1. a <pafor all a € P (reflexivity);
2. a<pb, b<pcimply a <p c (transitivity);
3. a<pb, b<paimply a =b (antisymmetry).

Example 1.8.4. Let P = NT = {1,2,3,...,n,...} = the set of positive inte-
gers.

1. Let <p be the usual order relation on P, i.e., m <p n if and only if m < n.
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2. Let <p be the divisibility ordering of P, i.e., m <p n if and only if m is
a divisor of n.

Definition 1.8.5. Let P, <p be a partial ordering.

1. Two elements a,b € P are comparable if either a <p b or b <p a. Other-
wise they are incomparable.

2. A chain is a set X C P such that any two elements of X are comparable.

3. An antichain is a set X C P such that any two distinct elements of X are
incomparable.

Exercise 1.8.6. Let P, <p be a partial ordering, and let k be a positive integer.

1. Use the Compactness Theorem to show that P is the union of k chains if
and only if each finite subset of P is the union of k£ chains.

2. Dilworth’s Theorem says that P is the union of k chains if and only if
every antichain is of size < k. Show that Dilworth’s Theorem for arbi-
trary partial orderings follows from Dilworth’s Theorem for finite partial
orderings.
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Chapter 2

Predicate Calculus

2.1

Formulas and Sentences

Definition 2.1.1 (languages). A language L is a set of predicates, each predi-
cate P of L being designated as n-ary for some nonnegative® integer n.

Definition 2.1.2 (variables and quantifiers). We assume the existence of a
fixed, countably infinite set of symbols x, vy, z, . .. known as variables. We intro-
duce two new symbols: the universal quantifier (V) and the ezxistential quantifier
(3). They are read as “for all” and “there exists”, respectively.

Definition 2.1.3 (formulas). Let L be a language, and let U be a set. It is
understood that U is disjoint from the set of variables. The set of L-U-formulas
is generated as follows.

1.

An atomic L-U-formula is an expression of the form Pe; ---e, where P
is an n-ary predicate of L and each of ey, ..., e, is either a variable or an
element of U.

Each atomic L-U-formula is an L-U-formula.
If A is an L-U-formula, then — A is an L-U-formula.

If A and B are L-U-formulas, then AANB, AVB, A= B, A< B are L-
U-formulas.

If z is a variable and A is an L-U-formula, then Vx A and 3x A are L-U-
formulas.

Definition 2.1.4 (degree). The degree of a formula is the number of occurrences
of propositional connectives =, A, V, =, < and quantifiers V, 3 in it.

11t will be seen that 0-ary predicates behave as propositional atoms. Thus the predicate
calculus is an extension of the propositional calculus.
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Definition 2.1.5. An L-formula is an L-(-formula, i.e., an L-U-formula where
U = (), the empty set.

Remark 2.1.6. If U is a subset of U’, then every L-U-formula is automati-
cally an L-U’-formula. In particular, every L-formula is automatically an L-U-
formula, for any set U.

Definition 2.1.7. In situations where the language L is understood from con-
text, an L-U-formula may be called a U-formula, and an L-formula a formula.

Definition 2.1.8 (substitution). If A is an L-U-formula and z is a variable and
a € U, we define an L-U-formula A[z/a] as follows.

1. If A is atomic, then A[z/a] = the result of replacing each occurrence of x
in A by a.

- Ax/a] = - Alz/a].
AN B)[x/a] = Alz/a] A Blz/a].
AV B)[xz/a] = Alz/a]V Blz/a].

(
(
(
5. (A= B)[z/a] = Alz/a] = Blz/a).
(A« B)[x/a] = Alz/a] < Blz/a).
(Vz A)[z/a] = Vo A.
(3z A)lz/a] = 3x A.

9. If y is a variable other than =, then (Vy A)[z/a] = Vy Az/a].
10. If y is a variable other than z, then (Jy A)[z/a] = 3y Alz/a).

Definition 2.1.9 (free variables). An occurrence of a variable x in an L-U-
formula A is said to be bound in A if it is within the scope of a quantifier Vz or
Jx in A. An occurrence of a variable z in an L-U-formula A is said to be free
in A if it is not bound in A. A variable x is said to occur freely in A if there is
at least one occurrence of x in A which is free in A.

Exercise 2.1.10.

1. Show that A[z/a] is the result of substituting a for all free occurrences of
z in A.

2. Show that z occurs freely in A if and only if A[z/a] # A.

Definition 2.1.11 (sentences). An L-U-sentence is an L-U-formula in which no
variables occur freely. An L-sentence is an L-(-sentence, i.e., an L-U-sentence
where U = (), the empty set.
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Remark 2.1.12. If U is a subset of U’, then every L-U-sentence is automat-
ically an L-U’-sentence. In particular, every L-sentence is automatically an
L-U-sentence, for any set U.

Definition 2.1.13. In situations where the language L is understood from
context, an L-U-sentence may be called a U-sentence, and an L-sentence a
sentence.

2.2 Structures and Satisfiability

Definition 2.2.1. Let U be a nonempty set, and let n be a nonnegative? integer.
U™ is the set of all n-tuples of elements of U, i.e.,

U"={{a1,...,an) | a1,...,an, €U} .
An n-ary relation on U is a subset of U".

Definition 2.2.2. Let L be a language. An L-structure M consists of a non-
empty set Uy, called the domain or universe of M, together with an n-ary
relation Py; on Uy for each n-ary predicate P of L. An L-structure may be
called a structure, in situations where the language L is understood from context.

Definition 2.2.3. Two L-structures M and M’ are said to be isomorphic if
there exists an isomorphism of M onto M’, i.e., a one-to-one correspondence
¢ : Uy = Upp such that for all n-ary predicates P of L and all n-tuples
(a1,...,an) € (Upm)™, {a1,...,an) € Py if and only if (¢(a1), ..., ¢(an)) € Pap.

As usual in abstract mathematics, we are mainly interested in properties of
structures that are invariant under isomorphism.

Lemma 2.2.4. Given an L-structure M, there is a unique valuation or assign-
ment of truth values

vp s {A | Ais an L-Ups-sentence} — {T,F}
defined as follows:

T if<a1,...,an>€PM,

1. vap(Pay---ay,) =
UM( a“ a> {F if(al,...,an)géPM.

2 A) = i
oA =Y B (4) = T

T if UM(A) = UM(B) = T,

3. AANB) =
o ) { F if at least one of vpr(A), vy (B) =F.

2In the special case n = 0 we obtain the notion of a O-ary relation, i.e., a subset of {()}.
There are only two 0-ary relations, {()} and {}, corresponding to T and F respectively. Thus
a O-ary predicate behaves as a propositional atom.
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T if at least one of vpr(A), v (B) =T,

4. UM(AVB):{ F if vy (A) =vm(B) =F.

5. va(A= B) = vy (= (AA-B)).
T if UM(A) = UM(B),

6. vm(Ae B) = { F if oy (A) # om(B).

T if vp(Afx/a]) =T for all a € Uy,
F if vpr(Afx/a]) =F for at least one a € Uy .

T if v (Afz/a]) =T for at least one a € Uy,

8. Jz A) =
UM( € ) { F lva(A[x/a]):FfOr a,llanM

Proof. The truth value vy (A) is defined by recursion on L-Ujs-sentences, i.e.,
by induction on the degree of A where A is an arbitrary L-Ujs-sentence. O

Definition 2.2.5 (truth and satisfaction). Let M be an L-structure.

1. Let A be an L-Ujs-sentence. We say that A is true in M if vy (4) = T.
We say that A is false in M if vy (A) = F.

2. Let S be a set of L-Ups-sentences. We say that M satisfies S, abbreviated
M = S, if all of the sentences of S are true in M.

Theorem 2.2.6.

1. If M and M’ are isomorphic L-structures and ¢ : M = M’ is an isomor-
phism of M onto M’, then for all L-Ups-sentences A we have vy (A) =
v (A') where A’ = Alai/¢(ar),...,ax/d(ar)].® Here ai,...,a) are the
elements of Uy which occur in A.

2. If M and M’ are isomorphic L-structures, then they are elementarily equiv-
alent, i.e., they satisfy the same L-sentences. We shall see later that the
converse does not hold in general.

Proof. We omit the proof of part 1. A more general result will be proved later
as Theorem 2.7.3. Part 2 follows immediately from part 1. O

Definition 2.2.7 (satisfiability). Let S be a set of L-sentences. S is said to be
satisfiable? if there exists an L-structure M which satisfies S.

3We have extended the substitution notation 2.1.8 in an obvious way.

4Similarly, the notions of logical validity and logical consequence are defined for L-
sentences, in the obvious way, using L-structures. An L-sentence is said to be logically valid
if it is satisfied by all L-structures. An L-sentence is said to be a logical consequence of S if
it is satisfied by all L-structures satisfying S.

27



Remark 2.2.8. Satisfiability is one of the most important concepts of mathe-
matical logic. A key result known as the Compactness Theorem® states that a
set S of L-sentences is satisfiable if and only every finite subset of .S is satisfiable.

The following related notion is of technical importance.

Definition 2.2.9 (satisfiability in a domain). Let U be a nonempty set. A set
S of L-U-sentences is said to be satisfiable in the domain U if there exists an
L-structure M such that M | S and Uy = U.

Remark 2.2.10. Let S be a set of L-sentences. Then S is satisfiable (according
to Definition 2.2.7) if and only if S is satisfiable in some domain U.

Theorem 2.2.11. Let S be a set of L-sentences. If S is satisfiable in a domain
U, then S is satisfiable in any domain of the same cardinality as U.

Proof. Suppose S is satisfiable in a domain U. Let M be an L-structure M
satisfying S with Uy; = U. Let U’ be any set of the same cardinality as U.
Then there exists a one-to-one correspondence ¢ : U — U’. Let M’ be the
L-structure with Uppr = U’, Py = {{p(a1), ..., ¢(an)) | {a1,...,an) € Py} for
all n-ary predicates P of L. Then M is isomorphic to M'. Hence, by Theorem
2.2.6, M’ = S. Thus S is satisfiable in the domain U’. O

Example 2.2.12. We exhibit a sentence A,, which is satisfiable in an infinite
domain but not in any finite domain. Our sentence A is (1) A (2) A (3) with

(1) VaVyVz((RryARyz)= Rxz)
(2) VzVy(Rry= - Ryx)
(3) Vz3Iy Raxy

See also Example 2.5.9.

Exercise 2.2.13. Let L be the language consisting of one binary predicate, R.
Consider the following sentences:

a) Va Rxx
b) Vx - Rzx

¢) Vo Vy (Rzy = Ryz)
d) Vo Vy (Rry = — Ryx)

e) Vo VyVz ((Rzy A Ryz) = Rxz)

(
(
(
(
()
(f) Vz 3y Ray

Which of subsets of this set of sentences are satisfiable? Verify your claims by

exhibiting appropriate structures. Use the simplest possible structures.

5See Theorems 2.6.1 and 2.6.2 below.
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Solution.
(a,c,e,f) is satisfiable: U = {1}, R = {(1,1)}.
(b,c,d,e) is satisfiable: U = {1}, R={}.

(b,c,f) is satisfiable: U = {1,2}, R = {(1,2),(2,1)}.
(b,d,e,f) is satisfiable: U = {1,2,3,...}, R= <.

These are the only maximal satisfiable sets, because:

(a,b) is not satisfiable.

(a,d) is not satisfiable.

(b,c,e,f) is not satisfiable.

(c,d,f) is not satisfiable.

Note: (d,e,f) is not satisfiable in any finite domain.

Exercise 2.2.14.
1. Assume the following predicates:

Hzx: x is a human
Cx: x is a car
Tx: x is a truck
Dzxy: x drives y
Write formulas representing the obvious assumptions: no human is a car,

no car is a truck, humans exist, cars exist, only humans drive, only cars
and trucks are driven, etc.

2. Write formulas representing the following statements:

a) Everybody drives a car or a truck.

(c
(d) Nobody drives both.

(a)

(b) Some people drive both.
) Some people don’t drive either.
)

3. Assume in addition the following predicate:
Ixy: x is identical to y
Write formulas representing the following statements:

(a) Every car has at most one driver.

(b) Every truck has exactly two drivers.
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(¢) Everybody drives exactly one vehicle (car or truck).
Solution.

1. No human is a car. =3z (Hz A Cx).
No car is a truck. =3z (Cz A Tx).
Humans exist. dz Hz.
Cars exist. Jz Cx.
Only humans drive. Vz ((Jy Dzy) = Hx).
Only cars and trucks are driven. Va ((Jy Dyz) = (Cz VvV Tx)).
Some humans drive. 3z (Hz A 3y Dzy).
Some humans do not drive. 3z (Hz A =3y Dzy).
Some cars are driven. 3z (Cz A 3y Dyzx).
Some cars are not driven (e.g., old wrecks). 3z (Cz A = Jy Dyx).
Etc, etc.

z(Hz =3y (Dzy A (CyVTy))).

x (Hx A Jy3z (Dxy ANCy A DxzATz)).
x (Hx A= 3y (Daxy A (CyV Ty))).

-3z (Hz Ay 3z (Dxy ADxz ACy ATz)).

2. (a) Vv

(b
(c
(d

3
3

3. (a
(b
(c

)
)
)
) Vo (Cx=VyVz ((Dyx A Dzz) = Iyz)).

) Va (Tz= 3y 3z ((— Iyz) A Dyz A Dzz AVw (Dwz = (Twy V Twz)))).
) Vo (Hx = 3y (Dxy A (CyV Ty) AVz ((Dzz A (CzVTz))=Iyz))).

Exercise 2.2.15. Assume the following predicates:
Ixy: x =y
Pxyz: x-y==z

Write formulas representing the axioms for a group: axioms for equality, ex-
istence and uniqueness of products, associative law, existence of an identity
element, existence of inverses.

Solution.
1. equality axioms:

(a) Vz Izzx (reflexivity)

(b) VaVy (Izy < Iyz) (symmetry)

(¢) VeVyVz ((Tzy A lyz) = Txz) (transitivity)
)

(d) Ve Vo' VyVy' VaVz' (Tzx' ANyy N1z2') = (Pryz < Pr'y'z"))
(congruence with respect to P).
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2. existence and uniqueness of products:

(a) VaVy3z Pryz (existence)
(b) V& VyVzVw ((Pryz A Pryw) = Izw) (uniqueness).

3. associative law:
Va Yy Vz Ju Jv Jw (Pryu A Pyzv A Puzw A Prow).

4. existence of identity element:
JuVz (Puxz A Pruz).

5. existence of inverses:

FuVz Jy (Puzx A Prux A Pryu A Pyzu).

Exercise 2.2.16. Let G be a group. The order of an element a € G is the
smallest positive integer n such that a™ = e. Here e denotes the identity element
of G, and

Using only the predicates Pzyz (“z -y = 2”) and Izy (“x = y”), write a
predicate calculus sentence S such that, for any group G, G satisfies S if and
only if G has no elements of order 2 or 3.

Solution. — 3z Jy (Pzza A (- Pyyy) A (Pyyz V 3z (Pyyz A Pzyz))).

2.3 The Tableau Method

Definition 2.3.1. Fix a countably infinite set V = {ai,aq2,...,an,...} =
{a,b,c,...}. The elements of V will be called parameters. If L is a language,
L-V-sentences will be called sentences with parameters.

Definition 2.3.2. A (signed or unsigned) tableau is a rooted dyadic tree where
each node carries a (signed or unsigned) L-V-sentence. The tableau rules for
the predicate calculus are the same as those for the propositional calculus, with
the following additional rules.

Signed:
TVz A Fdz A

| |
T Alx/a] F Alz/a)

where a is an arbitrary parameter
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TH'xA FV':CA
| |
T Alz/a] F Alz/a)

where a is a new parameter

Unsigned:
Va A -3dr A
| |
Alz/al ~Alz/d]

where a is an arbitrary parameter

dz A -Vz A

| |
Alz/a - Alo/a)

where a is a new parameter

Remark 2.3.3. In the above tableau rules, “a is new” means that a does not
occur in the path that is being extended. Or, we can insist that a not occur in
the tableau that is being extended.

Remark 2.3.4. We are going to prove that the tableau method for predicate
calculus is sound (Theorem 2.3.13) and complete (Theorem 2.5.5). In particular,
a sentence A of the predicate calculus is logically valid if and only if there exists
a finite closed signed tableau starting with F A, or equivalently a finite closed
unsigned tableau starting with — A.
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Example 2.3.5. The signed tableau

F (3z Vy Rxy) = (Vy 3z Rxy)
T 3z Vy Ry
FVYydz Rxy
TVy Ray
F 3z Rzb
T Rab
F Rab

is closed. Therefore, by the Soundness Theorem, (3 Vy Rxy) = (Vy 3z Rxy) is
logically valid.

Example 2.3.6. The unsigned tableau
= ((Fz (PxVQx))< ((3z Px)V 3z Qx)))

/ \
Jz (PxV Q) =3z (PzV Qx)
= ((3z Pz) Vv (32 Qx)) (3z Pz) Vv 3z Qx)
- Jx Pz
—-dr Qx dx Px dr Qx
PaV Qa Pb Qc
/ A\ S(PbVQb)  ~(PevQe)
Pa Qa - Pb - Pc
- Pa “Qa Qb = Qc

is closed. Therefore, by the Soundness Theorem,
(Fz (PxV Q))<= ((Fz Px)V (3z Qx))
is logically valid.

Exercises 2.3.7. Use signed tableaux to show that the following are logically
valid.

1. (Vz (A= B))=((Vz A)= (Vz B))
Solution.
F(Vz (A= B))= ((Vz A) = (Vz B))
T Vz(A= B)
F (Vz A) = (Vz B)

T vz A
FvzB
F Blz/d]
T Alz/d]

T (A= B)[z/a)
[\

F A[z/a) T Blz/al
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2. (3z(AVB))<((3x A)V (3z B))

Solution.
F(3z(AVB))< ((3z A)V (3z B))
/ \
T 3z (AV B) F 3z (AV B)
F(3z A)V (3z B) T3z A)V (3z B)

T (AV B)[z/a] /N
FdzA T3z A T3z B
F 3z B T Alx/a] T Blz/al
F Alz/a) F(AV B)[z/a] F(AV B)[z/a)
F Blz/d] F A[z/a) F A[z/a)

/0 FBlz/a]  FBlz/d]
T Alz/a] T Blz/d]

3. (Fz A& (~Vz-A)

Solution.
F(3zA)e (-Vx—-A)
/N
T3z A Fdz A
F-Ve—-A T-Vz—A
T Alx/a) Fvz-A

TVz-A F (- A)[z/a]
T (= A)[x/a) T Alz/d]
F Alz/a) F Alz/a)

4. Yz (AV ())& ((Yx A) v C), provided z is not free in C

Solution.
F(Vz(AvQO)) < (Ve A)VO)
/ \
T Va (AVC) F vz (Av(C)
F(VzA)vC T (Vz A)vC
Fvz A F(AvVC)[z/d]
FC F Alz/a]
F Alz/a) FC
T (AVC)[z/al /A
/ o\ TvzA TC
TA[z/a] TC T Alx/a)

Exercise 2.3.8. Using the predicates Bz (“z is a barber in Podunk”), Cx
(“x is a citizen of Podunk”), and Szy (“z shaves y”), translate the following
argument into a sentence of the predicate calculus.

34



There is a barber in Podunk who shaves exactly those citizens of
Podunk who do not shave themselves. Therefore, there is a barber
in Podunk who is not a citizen of Podunk.

Use an unsigned tableau to test this argument for logical validity.

Solution. (Jz (Bx AVy (Cy=(Szy< - Syy)))) =3z (BxA-Cz). A tableau
starting with the negation of this sentence (left to the reader) closes off to show
that the sentence is logically valid.

Exercise 2.3.9. Translate the following argument into the predicate calculus,
and use appropriate methods to establish its validity or invalidity.

Anyone who can solve all logic problems is a good student. No
student can solve every logic problem. Therefore, there are logic
problems that no student can solve.

Exercise 2.3.10. Use an unsigned tableau to show that 3z (Pz < Vy Py) is
logically valid.

The rest of this section is devoted to proving the Soundness Theorem 2.3.13.
Definition 2.3.11.

1. An L-V-structure consists of an L-structure M together with a mapping
¢:V — Up. If Aisan L-V-sentence, we write

A? = Alar/d(ar), ..., ar/d(ak)]

where ay,...,a; are the parameters occurring in A. Note that A? is an
L-Ups-sentence. Note also that, if A is an L-sentence, then A? = A.

2. Let S be a finite or countable set of (signed or unsigned) L-V-sentences.
An L-V-structure M, ¢ is said to satisfy S if vpr(A?) =T for all A € S.
S is said to be satisfiableS if there exists an L-V-structure satisfying S.
Note that this definition is compatible with Definition 2.2.7.

3. Let 7 be an L-tableau. We say that 7 is satisfiable if at least one path of
T is satisfiable.

Lemma 2.3.12. Let 7 and 7’ be tableaux such that 7/ is an immediate extension
of 7, i.e., 7 is obtained from 7 by applying a tableau rule to a path of 7. If 7
is satisfiable, then 7’ is satisfiable.

Proof. The proof consists of one case for each tableau rule. We consider some
representative cases.

6Similarly, the notions of logical validity and logical consequence are extended to L-V-
sentences, in the obvious way, using L-V-structures. An L-V-sentence is said to be logically
valid if it satisfied by all L-V-structures. An L-V-sentence is said to be a logical consequence
of S if it is satisfied by all L-V-structures satisfying S.
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Case 1. Suppose that 7’ is obtained from 7 by applying the rule
AV B

/A
A B
to the path 6 in 7. Since 7 is satisfiable, it has at least one satisfiable path, S. If
S # 6, then S is a path of 7/, so 7/ is satisfiable. If S = 6, then 6 is satisfiable, so
let M and ¢ : V — Uy satisfy 6. In particular vy ((AV B)?) = T, so we have
at least one of vy (A?) = T and vy (B?) = T. Thus M and ¢ satisfy at least

one of 6, A and 6, B. Since these are paths of 7/, it follows that 7’ is satisfiable.
Case 2. Suppose that 7’ is obtained from 7 by applying the rule

Vo A

|
Alw/a

to the path @ in 7, where a is a parameter. Since 7 is satisfiable, it has at least
one satisfiable path, S. If S # 6, then S is a path of 7/, so 7/ is satisfiable. If
S = 0, then 0 is satisfiable, so let M and ¢ : V' — Uy, satisfy 0. In particular
vy (Vo (A?)) = vp (Vo A)?) = T, so vy (A%x/c]) = T for all ¢ € Up. In
particular

va(Alz/a]?) = var(A?[/¢(a)]) = T.

Thus M and ¢ satisfy 6, Ax/a]. Since this is a path of 7/, it follows that 7/ is
satisfiable.
Case 3. Suppose that 7’ is obtained from 7 by applying the rule

dz A

|
Alz/a

to the path € in 7, where a is a new parameter. Since 7 is satisfiable, it has at
least one satisfiable path, S. If S # 6, then S is a path of 7/, so 7’ is satisfiable.
If S = 6, then 0 is satisfiable, so let M and ¢ : V — U); satisfy 6. In particular
vp (3 (A?)) = vpr (3 A)?) =T, so var(A?[z/c]) = T for at least one ¢ € Upy.
Fix such a ¢ and define ¢’ : V' — Uy, by putting ¢/(a) = ¢, and ¢'(b) = ¢(b) for
allb # a, b € V. Since a is new, we have B = B? for all B € 6, and A? = A?,
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hence Alz/a]? = A? [x/¢'(a)] = A%[x/c]. Thus vy (B?) = var(B?) = T for all
B €0, and vy (A[z/a]? ) = v (A?[z/c]) = T. Thus M and ¢’ satisfy 0, A[z/a).
Since this is a path of 7/, it follows that 7/ is satisfiable. O

Theorem 2.3.13 (the Soundness Theorem). Let Xi,..., X} be a finite set of
(signed or unsigned) sentences with parameters. If there exists a finite closed
tableau starting with X,..., X, then Xi,..., X is not satisfiable.

Proof. Let 7 be a closed tableau starting with X7, ..., X;. Thus there is a finite

sequence of tableaux 79, 71,...,7, = 7 such that

X1

TO =

Xy,
and each 7,11 is an immediate extension of 7;. Suppose X7, ..., X} is satisfiable.
Then 79 is satisfiable, and by induction on ¢ using Lemma 2.3.12, it follows that
all of the 7; are satisfiable. In particular 7,, = 7 is satisfiable, but this is
impossible since 7 is closed. ([

2.4 Logical Equivalence

Definition 2.4.1. Given an L-V-formula A, let A" = Alzxi/ay,...,z/ak],
where z1,...,z are the variables which occur freely in A, and aq,...,a; are
parameters not occurring in A. Note that A’ has no free variables, i.e., it is an
L-V-sentence. We define A to be satisfiable if and only if A’ is satisfiable, in
the sense of Definition 2.3.11. We define A to be logically valid if and only if A’
is logically valid, in the sense of Definition 2.3.11.

Exercises 2.4.2. Let A be an L-V-formula.

1. Show that A is logically valid if and only if = A is not satisfiable. Show
that A is satisfiable if and only if = A is not logically valid.

2. Let x be a variable. Show that A is logically valid if and only if Vx A is
logically valid. Show that A is satisfiable if and only if 3x A is satisfiable.

3. Let z be a variable, and let a be a parameter not occurring in A. Show
that A is logically valid if and only if A[z/a] is logically valid. Show that
A is satisfiable if and only if A[z/a] is satisfiable.

Definition 2.4.3. Let A and B be L-V-formulas. A and B are said to be
logically equivalent, written A = B, if A< B is logically valid.

Exercise 2.4.4. Assume A = B. Show that for any variable x, Vz A = Vax B
and 3z A = 3z B. Show that for any variable  and parameter a, Afx/a] =
Blz/a].
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Exercise 2.4.5. For an L-V-formula A, it is not in general true that A = A,
where A’ is as in Definition 2.4.1. Also, it is not in general true that A =Vx A,
or that A = 3z A, or that A = A[z/a]. Give examples illustrating these remarks.

Solution. Let A be the formula Pz where P is a unary predicate. It is straight-
forward to show that A £ A’ AZVe A, A% Jx A and A # Az/a).

Exercise 2.4.6. Given L-V-formulas A and B, let A’ = A[xi/a1,..., 21 /ak]
and B’ = Blxi/a,...,xx/ag], where x1,...,x are the variables occurring
freely in A and B, and aq,...,a, are parameters not occurring in A or in B.
Show that A = B if only if A’ = B’.

Remark 2.4.7. The results of Exercises 1.3.3 and 1.3.4 and Remark 1.3.5 for
formulas of the propositional calculus, also hold for formulas of the predicate
calculus. In particular, if A7 = As, then for any formula C' containing A; as
a part, if we replace one or more occurrences of the part A; by A, then the
resulting formula is logically equivalent to C.

Remark 2.4.8. Some useful logical equivalences are:

1. (a) Yo A = A, provided = does not occur freely in A
(b) 32 A = A, provided z does not occur freely in A
(¢) Yo A =Vy A[z/y], provided y does not occur in A
(d) 3x A =3y A[z/y], provided y does not occur in A

Note that the last two equivalences provide for “replacement of bound
variables”. In this way, we can convert any formula into a logically equiv-
alent formula with the following properties: no variable occurs both free
and bound, and each bound variable is bound by at most one quantifier.

2. (a) Yz (AAB) = (Vz A) A (Vz B)
(b) 3z (AV B) = (3z A)V (3z B)
(¢) 3z (A=B)= (Vz A)= (3z B)
Note however that, in general, 3z (A A B) # (3x A) A (3z B), and
Vz (AV B) # (Vx A)V (Vx B), and Vo (A= B) # (3z A) = (Vz B).
On the other hand, we have:
3. (a) 32 (AAB)= AA(3z B), provided x does not occur freely in A

x (AAB) = (3x A) A B, provided z does not occur freely in B
x(AV B) = AV (Vz B), provided x does not occur freely in A

) Jz(
b) Jz (
) Va (
Vx (AV B) = (Vz A) V B, provided x does not occur freely in B
Jz (
Va (
=

(

(c
(d)
(e)
(f)
(8)

x (A= B) = A= (3z B), provided = does not occur freely in A
x (A= B) = A= (Vz B), provided z does not occur freely in A

x (A= B) = (Vz A) = B, provided = does not occur freely in B
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h) Vz (A= B) = (3¢ A) = B, provided x does not occur freely in B
) 3

(
4. (a) Ir-~A=-Vz A
(b)y Vei-A=-3z A
(c) VeA=-3x-A
(d) IxA=-Vae—-A

Definition 2.4.9 (variants). Let A be an L-FV-formula. A variant of A is any
formula A obtained from A by replacing some or all the bound variables of A
by distinct new variables. Note that A has the same free variables as A and is
logically equivalent to A, in view of Remark 2.4.8, parts 1(c) and 1(d).

Example 2.4.10. Let A be Vz 3y Rryz, and let A be Yu3v Ruvz. Then A is
a variant of A, hence A = A.

Definition 2.4.11 (prenex form). A formula is said to be quantifier-free if it
contains no quantifiers. A formula is said to be in prenex form if it is of the form
Q11 -+ Qunay, B, where each @Q; is a quantifier (V or 3), each z; is a variable,
and B is quantifier-free.

Example 2.4.12. The sentence
Va Vy 3z Vw (Rey = (Rxz A Rzy A — (Rzw A Rwy)))
is in prenex form.

Exercise 2.4.13. Show that every L-V-formula is logically equivalent to an
L-V-formula in prenex form. (Hint: Use the equivalences of Remark 2.4.8.
First replace the given formula by a variant in which each bound variable is
quantified only once and does not occur freely. Then use parts 3 and 4 to move
all quantifiers to the front.)

Example 2.4.14. Consider the sentence (3x Px)A (3x Qz). We wish to put
this into prenex form. Applying the equivalences of Remark 2.4.8, we have

(Fz Pz)A (FzQz) = (Fz Px)A(FyQy)

Jz (Pz A (Fy Qy))
= dz 3y (PzAQy)

and this is in prenex form.

Exercise 2.4.15. Find a sentence in prenex normal form which is logically
equivalent to (Vz Jy Rxy) = — 3z Pux.

Solution. JxVyVz (Rry = — Pz).

Exercises 2.4.16. Let A and B be L-V-formulas. Put the following into prenex
form.
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1. (3z A)A(3z B)

2. (VzA)& (Vz B)

¢

3. (VzA)< (3zB)

Definition 2.4.17 (universal closure). Let A be an L-V-formula. The universal
closure of A is the L-V-sentence A* = Vx --- Vx, A, where x4, ...,z are the
variables which occur freely in A. Note that A** = A*.

Exercises 2.4.18. Let A be an L-V-formula.

1. Show that A is logically valid if and only if A*, the universal closure of A,
is logically valid.

2. It is not true in general that A = A*. Give an example illustrating this.

3. It is not true in general that A is satisfiable if and only if A* is satisfiable.
Give an example illustrating this.

4. For L-V-formulas A and B, it is not true in general that A = B if and

only if A* = B*. Give an example illustrating this.
For completeness we state the following definition.

Definition 2.4.19. Let Aq,..., Ag, B be L-V-formulas. We say that B is a log-
ical consequence of Ay, ..., A if (A1 A --- N Ag) = B is logically valid. This is
equivalent to saying that the universal closure of (A1 A - -+ A Ay) = B is logically
valid.

Remark 2.4.20. A and B are logically equivalent if and only if each is a
logical consequence of the other. A is logically valid if and only if A is a logical
consequence of the empty set. 3z A is a logical consequence of A[z/a], but the
converse does not hold in general. A[z/a] is a logical consequence of Vz A, but
the converse does not hold in general.

2.5 The Completeness Theorem

Let U be a nonempty set, and let S be a set of (signed or unsigned) L-U-
sentences.

Definition 2.5.1. S is closed if S contains a conjugate pair of L-U-sentences.
In other words, for some L-U-sentence A, S contains T A, F A in the signed
case, A, = A in the unsigned case. S is open if it is not closed.

Definition 2.5.2. S is U-replete if S “obeys the tableau rules” with respect to
U. We list some representative clauses of the definition.

1. If S contains T — A, then S contains F A. If S contains F— A, then §
contains T A. If S contains = — A, then S contains A.
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2. If S contains T AA B, then S contains both T A and T B. If S contains
F AN B, then S contains at least one of F A and F B. If S contains AN B,
then S contains both A and B. If S contains = (A A B), then S contains
at least one of = A and — B.

3. If S contains T 3z A, then S contains T Afx/a] for at least one a € U. If
S contains F 3z A, then S contains F A[z/a] for all a € U. If S contains
Jz A, then S contains A[x/a] for at least one a € U. If S contains ~ 3z A,
then S contains = Afz/a) for all a € U.

4. If S contains T'Vx A, then S contains T A[x/a] for all @ € U. If S contains
FVz A, then S contains F A[xz/a] for at least one a € U. If S contains
Vx A, then S contains A[z/a] for all @ € U. If S contains =Vz A, then S
contains = A[z/a] for at least one a € U.

Lemma 2.5.3 (Hintikka’s Lemma). If S is U-replete and open’, then S is
satisfiable. In fact, S is satisfiable in the domain U.

Proof. Assume S is U-replete and open. We define an L-structure M by putting
Uy = U and, for each n-ary predicate P of L,

Py ={{a1,...,a,) €eU" | TPay---a, € S}
in the signed case, and
Py ={{a1,...,a,) €U" | Pay---a, € S}

in the unsigned case.
We claim that for all L-U-sentences A,

(a) if S contains T A, then vy (A) =T

(b) if S contains F A, then vy (A) = F
in the signed case, and

(c) if S contains A, then vp(A) =T

(d) if S contains = A, then vy (A) =F

in the unsigned case.
In both cases, the claim is easily proved by induction on the degree of A.
We give the proof for some representative cases.

1. deg(A) = 0. In this case A is atomic, say A = Pay -+ ap.

(a) If S contains T Pay - - - a, then by definition of M we have (a1,...,a,) €
Pys, 80 vpr(Pay - -ay,) =T.

7See also Exercise 2.5.7.
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(b) If S contains F Pay - - - ap, then S does not contain T Pay - - - a,, since
S is open. Thus by definition of M we have (a1,...,a,) ¢ P, s0o
vy (Pay - - ay,) = F.

(c) If S contains Paj - - - ay, then by definition of M we have (a1, ...,a,) €
Pys, 80 vpr(Pay - -a,) =T.

(d) If S contains — Pay - - - a,,, then S does not contain Paj - - - a, since

S is open. Thus by definition of M we have (a1,...,a,) ¢ P, S0
vy (Pay---an) =F.

2. deg(A) > 0 and A = = B. Note that deg(B) < deg(A) so the inductive
hypothesis applies to B.

3. deg(A) > 0 and A = BAC. Note that deg(B) and deg(C) are < deg(A)
so the inductive hypothesis applies to B and C.

(a) If S contains T B A C, then by repleteness of S we see that S contains
both TB and TC. Hence by inductive hypothesis we have vy (B) =
vy (C) =T. Hence vy (BAC) =T.

(b) If S contains F B A C, then by repleteness of S we see that S contains
at least one of FB and FC. Hence by inductive hypothesis we have
at least one of vy (B) = F and vy (C) = F. Hence vy (BAC) =F.

(¢) If S contains B A C, then by repleteness of S we see that S contains
both B and C. Hence by inductive hypothesis we have vp(B) =
vp(C) =T. Hence vy (BAC) =T.

(d) If S contains -~ (B A C'), then by repleteness of S we see that S con-
tains at least one of =B and —C. Hence by inductive hypothe-

sis we have at least one of vy (B) = F and vy (C) = F. Hence
’UM(B/\C) =F.

4. deg
deg

) > 0 and A = 3z B. Note that for all a € U we have deg(Bx/a]) <
, so the inductive hypothesis applies to B[z/a].

5. deg

(A
(A
(A
deg(A

)
) > 0 and A = Vz B. Note that for all a € U we have deg(Bz/a]) <
), so the inductive hypothesis applies to B[z/a].

O

We shall now use Hintikka’s Lemma to prove the completeness of the tableau
method. As in Section 2.3, Let V = {aq,...,an,...} be the set of parameters.
Recall that a tableau is a tree whose nodes carry L-V-sentences.

Lemma 2.5.4. Let 79 be a finite tableau. By applying tableau rules, we can
extend 79 to a (possibly infinite) tableau 7 with the following properties: every
closed path of 7 is finite, and every open path of 7 is V-replete.

Proof. The idea is to start with 79 and use tableau rules to construct a sequence
of finite extensions 79, 7y,...,7;,.... If some 7; is closed, then the construction
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halts, i.e., 7; = 7; for all j > ¢, and we set 7 = 7;. In any case, we set
T = Too = U;’io 7;. In the course of the construction, we apply tableau rules
systematically to ensure that 7, will have the desired properties, using the fact
that V = {a1,a2,...,an,...} is countably infinite.

Here are the details of the construction. Call a node X of 7; quasiuniversal
if it is of the form TVz A or Fdx A or Vz A or —dx A. Our construction begins
with 79. Suppose we have constructed 79;. For each quasiuniversal node X of
T9; and each n < 2i, apply the appropriate tableau rule to extend each open
path of 79; containing X by T A[z/ay] or F A[xz/a,] or A[z/ay,] or = Alz/ay] as
the case may be. Let 79,41 be the finite tableau so obtained. Next, for each
non-quasiuniversal node X of 79;41, extend each open path containing X by
applying the appropriate tableau rule. Again, let m;15 be the finite tableau so
obtained.

In this construction, a closed path is never extended, so all closed paths of
Too are finite. In addition, the construction ensures that each open path of 7,
is V-replete. Thus 7, has the desired properties. This proves our lemma. [J

Theorem 2.5.5 (the Completeness Theorem). Let X7, ..., Xi be a finite set of
(signed or unsigned) sentences with parameters. If X, ..., X is not satisfiable,
then there exists a finite closed tableau starting with Xq,..., Xp. If Xq,..., Xg
is satisfiable, then X7, ..., X} is satisfiable in the domain V.

Proof. By Lemma 2.5.4 there exists a (possibly infinite) tableau 7 starting with
X1, ..., Xk such that every closed path of 7 is finite, and every open path of 7
is V-replete. If 7 is closed, then by Konig’s Lemma (Theorem 1.6.6), 7 is finite.
If 7 is open, let S be an open path of 7. Then S is V-replete. By Hintikka’s
Lemma 2.5.3, S is satisfiable in V. Hence X1,..., X} is satisfiable in V. O

Definition 2.5.6. Let L, U, and S be as in Definition 2.5.1. S is said to
be atomically closed if S contains a conjugate pair of atomic L-U-sentences.
In other words, for some n-ary L-predicate P and ai,...,a, € U, S contains
T Pay---an, F Pay---a, in the signed case, and Pay ---ay,, = Paj ---ay, in the
unsigned case. S is atomically open if it is not atomically closed.

Exercise 2.5.7. Show that Lemmas 2.5.3 and 2.5.4 and Theorem 2.5.5 continue
to hold with “closed” (“open”) replaced by “atomically closed” (“atomically
open”).

Remark 2.5.8. Corollaries 1.5.9, 1.5.10, 1.5.11 carry over from the proposi-
tional calculus to the predicate calculus. In particular, the tableau method
provides a test for logical validity of sentences of the predicate calculus.

Note however that the test is only partially effective. If a sentence A is
logically valid, we will certainly find a finite closed tableau starting with — A.
But if A is not logically valid, we will not necessarily find a finite tableau which
demonstrates this. See the following example.

Example 2.5.9. In 2.2.12 we have seen an example of a sentence A., which
is satisfiable in a countably infinite domain but not in any finite domain. It is
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instructive to generate a tableau starting with A.
Ao

VaVyVz ((Rxy A Ryz) = Raz)
Va Vy (Rxy = — Ryx)
Vo Jy Rxy
Jy Ra1y
Ra1 a9
Yy (Ra1y = — Ryaq)
Rajas = - Rasaq
/N
- Ralag - Ragal
Jy Rasy
Ragag

- Ragag
VyVz ((Raiy A Ryz) = Rayz)
Vz ((Raias A Ragz) = Raq2)
(Ralag A RCLQCLg) = Ralag)

/ \

- (RCLlCLQ AN RCLQCLg) Ra1a3
/ \ :
- Ra1 as - Ragag - Ragal
Jy Razy
Ra3a4

An infinite open path gives rise (via the proof of Hintikka’s Lemma) to an infinite
L-structure M with Uy = {a1,a2,...,6n,...}, Ra = {{am,an) | 1 < m < n}.
Clearly M | Aw.

Remark 2.5.10. In the course of applying a tableau test, we will sometimes find
a finite open path which is U-replete for some finite set of parameters U C V.
In this case, the proof of Hintikka’s Lemma provides a finite L-structure with
domain U.

Example 2.5.11. Let A be the sentence (Vz (PzV Qx)) = ((Vx Px) V (Vx Qx)).
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Testing A for logical validity, we have:

-A
Yz (PzV Q)
= ((Vz Pz) VvV (Vz Qx))

- Vx Pz
-V Qx

- Pa

- Qb
PaVQa
PbVv Qb
/N

Pa Qa

/ o\
Pb Qb

This tableau has a unique open path, which gives rise (via the proof of Hintikka’s
Lemma) to a finite L-structure M with Uy = {a,b}, Py = {b}, Qum = {a}.
Clearly M falsifies A.

Exercise 2.5.12. Using the predicate Rxy (“x is an ancestor of y”), translate
the following argument into a sentence of the predicate calculus.

Every ancestor of an ancestor of an individual is an ancestor of the
same individual. No individual is his own ancestor. Therefore, there
is an individual who has no ancestor.

Is this argument valid? Justify your answer by means of an appropriate structure
or tableau.

Solution. ((VzVy ((3z (Rxz A Rzy)) = Rxy)) A -3z Rxx) = 3z — Ty Rywx.

A tableau starting with the negation of this sentence (left to the reader) fails
to close off. The structure (N, >y) falsifies the sentence, thus showing that it is
not logically valid.

Exercise 2.5.13. Using the predicates Sz (“x is a set”) and Fzy (“x is a
member of y”), translate the following into a sentence of the predicate calculus.

There exists a set whose members are exactly those sets which are
not members of themselves.

Use an unsigned tableau to test your sentence for consistency, i.e., satisfiability.

Exercise 2.5.14. Using the predicates Sz (“z is Socrates”), Hz (“z is a man”),
Mz (“z is mortal”), translate the following argument into a sentence of the
predicate calculus.

Socrates is a man. All men are mortal. Therefore, Socrates is mortal.

Use an unsigned tableau to test whether the argument is valid.
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Exercises 2.5.15.

1. Using the predicates Sz (“x can solve this problem”), Mz (“x is a math-
ematician”), Jz (“x is Joe”), translate the following argument into a sen-
tence of the predicate calculus.

If anyone can solve this problem, some mathematician can solve
it. Joe is a mathematician and cannot solve it. Therefore, no-
body can solve it.

Use an unsigned tableau to test whether the argument is valid.

2. Using the same predicates as above, translate the following argument into
a sentence of the predicate calculus.

Any mathematician can solve this problem if anyone can. Joe
is a mathematician and cannot solve it. Therefore, nobody can
solve it.

Use an unsigned tableau to test whether the argument is valid.

2.6 The Compactness Theorem

Theorem 2.6.1 (the Compactness Theorem, countable case). Let S be a count-
ably infinite set of sentences of the predicate calculus. S is satisfiable if and only
if each finite subset of S is satisfiable.

Proof. We combine the ideas of the proofs of the Countable Compactness Theo-
rem for propositional calculus (Theorem 1.7.1) and the Completeness Theorem
for predicate calculus (Theorem 2.5.5).

Details: Let S = {Ag, A1,...,A4;,...}. Start by letting 79 be the empty
tableau. Suppose we have constructed 72;. Extend 7o; to 75; by appending A;
to each open path of 7o;. Since {Ay, A1,...,A;} is satisfiable, 75, has at least
one open path. Now extend 74, to T2;41 and then to 72;42 as in the proof of
Lemma 2.5.4. Finally put 7 = 7o, = Ufil 7;. As in Lemma 2.5.4 we have that
every closed path of 7 is finite, and every open path of 7 is V-replete. Note
also that 7 is an infinite, finitely branching tree. By Konig’s Lemma (Theorem
1.6.6), let S’ be an infinite path in 7. Then S’ is a V-replete open set which
contains S. By Hintikka’s Lemma for the predicate calculus (Lemma 2.5.3), S’
is satisfiable. Hence S is satisfiable. O

Theorem 2.6.2 (the Compactness Theorem, uncountable case). Let S be an
uncountable set of sentences of the predicate calculus. S is satisfiable if and
only if each finite subset of S is satisfiable.

Proof. Assume that S is finitely satisfiable. For each sentence A € S of the form
dx B or ~Vz B, introduce a new parameter c4. Let Ug be the set of parameters
so introduced. Let S’ be S together with the sentences B[z/c4] or = Blx/ca]
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as the case may be, for all c4 € Us. Then S’ is a set of L-Ug-sentences, and
it is easy to verify that S’ is finitely satisfiable. By Zorn’s Lemma, let S” be a
maximal finitely satisfiable set of L-Ug-sentences extending S’.

Now inductively define Sy =S, Spi1 = S), Sec = Upeo Sn, U = U, Us,,-
It is straightforward to verify that S., is U-replete and open. Hence, by Hin-
tikka’s Lemma, S, is satisfiable in the domain U. Since S C S, it follows
that S is satisfiable in U. O

Exercise 2.6.3. Let L be a language consisting of a binary predicate R and
some additional predicates. Let M = (Uas, Rps,...) be an L-structure such
that (Unr, Rar) is isomorphic to (N, <y). Note that M contains no infinite
R-descending sequence. Show that there exists an L-structure M’ such that:

1. M and M’ satisfy the same L-sentences.

2. M’ contains an infinite R-descending sequence. In other words, there
exist elements ay, ay, ..., a},,... € Uyp such that (a],,,a},) € Ry for all
n=1,2,....

Hint: Use the Compactness Theorem.

Exercise 2.6.4. Generalize Exercise 2.6.3 replacing (N, <y) by an arbitrary
infinite linear ordering with no infinite descending sequence. Show that M’ can
be obtained such that (Upsr, Ry ) is a linear ordering which contains an infinite
descending sequence.

Exercise 2.6.5. Let L = {R,...} be a language which includes a binary pred-
icate R. Let S be a set of L-sentences. Assume that for each n > 1 there exists
an L-structure (U, Ry, ...) satisfying S and containing elements a1, ..., ann
such that (ani,an;) € Ry, for all ¢ and j with 1 <4 < j < n. Prove that there
there exists an L-structure (Uso, Roo, - - .) satisfying S and containing elements
Gooiy © = 1,2, ... such that (Geoi, Goo;) € Reo for all ¢ and j with 1 <4 < j.

Solution. Let L* = LU{Py, Py, ...} where Py, P, ... are new unary predicates.
Let S* be S plus 3z P;x plus Vo Vy ((Piz A Pjy) = Rxy), 1 < i < j. Consider
the L*-structures (Uy, Ry, ..., Pn1y. -y Pany...), n > 1, where P,; = {an;} for
1 <i<n,and P,; = {} for i > n. Clearly each finite subset of S* is satisfied
by all but finitely many of these structures. It follows by the Compactness The-
orem that S* is satisfiable. Let (Uso, Roos - -+, Poo1; Poo2, - - -) be an L*-structure
satisfying S*. Clearly the L-structure (Uso, Roo, - - -) has the desired properties.

2.7 Satisfiability in a Domain

The notion of satisfiability in a domain was introduced in Definition 2.2.9.
Theorem 2.7.1. Let S be a set of L-sentences.

1. Assume that S is finite or countably infinite. If S is satisfiable, then S is
satisfiable in a countably infinite domain.
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2. Assume that S is of cardinality x > No. If S is satisfiable, then S is
satisfiable in a domain of cardinality .

Proof. Parts 1 and 2 follow easily from the proofs of Compactness Theorems
2.6.1 and 2.6.2, respectively. In the countable case we have that S is satisfiable
in V., which is countably infinite. In the uncountable case we have that S is
satisfiable in U, where U is as in the proof of 2.6.2. By the arithmetic of infinite
cardinal numbers, the cardinality of U is k - Ry = k. ([l

In Example 2.2.12 we have seen a sentence A, which is satisfiable in a
countably infinite domain but not in any finite domain. Regarding satisfiability
in finite domains, we have:

Example 2.7.2. Given a positive integer n, we exhibit a sentence A, which
is satisfiable in a domain of cardinality n but not in any domain of smaller
cardinality. Our sentence A, is (1) A (2) A (3) with

(1) VaVyVz((RzxyA Ryz)= Ryz)
(2) VaVy(Rzy=— Ryx)
(3) Fxy---3x, (Rryzo ARxoxs A -+ ARXp_12y)

On the other hand, we have:

Theorem 2.7.3. Let M and M’ be L-structures. Assume that there ex-
ists an onto mapping ¢ : Uy — Uy such that for all n-ary predicates P
of L and all n-tuples (as,...,a,) € (Unm)", {a1,...,a,) € Py if and only if
(¢p(a1),...,¢(an)) € Pps. Then as in Theorem 2.2.6 we have vp(A) = var (A7)
for all L-Ujps-sentences A, where A’ = Ala1/é(a1), ..., ar/d(ar)]. In particular,
M and M’ satisfy the same L-sentences.

Proof. The proof is by induction on the degree of A. Suppose for example that
A = Vz B. Then by definition of vps we have that vpr(A) = T if and only if
vm(B[z/a]) =T for all a € Ups. By inductive hypothesis, this holds if and only
if vapr(Blx/a]’) = T for all a € Up. But for all @ € Uy we have Blz/a]) =
B'[z/¢$(a)]. Thus our condition is equivalent to vpp (B'[z/¢(a)]) = T for all
a € Up. Since ¢ : Upy — Uy is onto, this is equivalent to vpp (B'[x/b]) = T
for all b € Upyr. By definition of vpss this is equivalent to vy (Ve B’) = T. But
Vo B’ = A’, so our condition is equivalent to vy (A") = T. O

Corollary 2.7.4. Let S be a set of L-sentences. If S is satisfiable in a domain
U, then S is satisfiable in any domain of the same or larger cardinality.

Proof. Suppose S is satisfiable in domain U. Let U’ be a set of cardinality
greater than or equal to that of U. Let ¢ : U’ — U be onto. If M is any
L-structure with Uy = U, we can define an L-structure M’ with Uy = U’
by putting Py = {{a1,...,a,) | {¢(a1),...,¢(an)) € Py} for all n-ary pred-
icates P of L. By Theorem 2.7.3, M and M’ satisfy the same L-sentences. In
particular, if M = S, then M’ = S. O
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Remark 2.7.5. We shall see later® that Theorem 2.7.3 and Corollary 2.7.4 fail
for normal satisfiability.

8See Section 4.1.
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Chapter 3

Proof Systems for Predicate
Calculus

3.1 Introduction to Proof Systems

Definition 3.1.1. An abstract proof system consists of a set X together with a
relation R C U;O:O X¥5t1 Elements of X are called objects. Elements of R are
called rules of inference. An object X € X is said to be derivable, or provable,
if there exists a finite sequence of objects X1, ..., X, such that X,, = X and,
for each ¢ < n, there exist ji,...,jx <4 such that (X;,,...,X,,,X;) € R. The
sequence X1, ..., X, is called a derivation of X, or a proof of X.

Notation 3.1.2. For k£ > 1 it is customary to write

X, - X
Y
indicating that (Xi,..., Xy, Y) € . This is to be understood as “from the
premises X1,..., X, we may immediately infer the conclusion Y”. For k = 0
we may write
Y

or simply Y, indicating that (Y) € PR. This is to be understood as “we may
immediately infer Y from no premises”, or “we may assume Y.

Definition 3.1.3. Let L be a language. Recall that V is the set of parameters.
A Hilbert-style proof system for L is a proof system with the following properties:

1. The objects are sentences with parameters. In other words,
X ={A| Ais an L-V-sentence}.
2. For each rule of inference

Ay - A
B

50



(i.e., (A1,..., A, B) € R), we have that B is a logical consequence of
A, ..., Ax. This property is known as soundness. It implies that every
L-V-sentence which is derivable is logically valid.

3. For all L-V-sentences A, B, we have a rule of inference (4, A= B, B) € R,
ie.,

A A=B
—5

In other words, from A and A = B we immediately infer B. This collection
of inference rules is known as modus ponens.

4. An L-V-sentence A is logically valid if and only if A is derivable. This
property is known as completeness.

Remark 3.1.4. In Section 3.3 we shall exhibit a particular Hilbert-style proof
system, LH. The soundness of LH will be obvious. In order to verify the
completeness of LH, we shall first prove a result known as the Companion
Theorem, which is also of interest in its own right.

3.2 The Companion Theorem

In this section we shall comment on the notion of logical validity for sentences of
the predicate calculus. We shall analyze logical validity into two components: a
propositional component (quasitautologies), and a quantificational component
(companions).

Definition 3.2.1 (quasitautologies).
1. A tautology is a propositional formula which is logically valid.

2. A quasitautology is an L-V-sentence of the form Flpi/A1,...,pr/Ak],
where F' is a tautology, pi,...,pr are the atoms occurring in F', and
Aq,..., Ay are L-V-sentences.

For example, p=- (¢ = p) is a tautology. This implies that, for all L-V-sentences
A and B, A= (B= A) is a quasitautology.

Remarks 3.2.2.
1. Obviously, every quasitautology is logically valid.

2. There is a decision procedure! for quasitautologies. One such decision
procedure is based on truth tables. Another is based on propositional
tableaux.

n other words, there is a Turing algorithm which, given an L-V-sentence A as input, will
eventually halt with output 1 if A is a quasitautology, 0 if A is not a quasitautology.
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3. It can be shown that there is no decision procedure for logical validity.
(This result is known as Church’s Theorem.) Therefore, in relation to the
problem of characterizing logical validity, we regard the quasitautologies
as trivial.

Let A be an L-V-sentence.

Definition 3.2.3 (companions). A companion of A is any L-V-sentence of one
of the forms
(1) (Vz B) = Blx/a)
(2) Blz/a] = (Vx B)
(3) (3z B) = Blx/a]
(4) Blz/a]= (3x B)

where, in (2) and (3), the parameter a may not occur in A or in B.
Lemma 3.2.4. Let C be a companion of A.

1. A is satisfiable if and only if C'A A is satisfiable.

2. A is logically valid if and only if C'=- A is logically valid.

Proof. Let C be a companion of A.

For part 1, assume that A is satisfiable. In accordance with Definition 2.3.11,
let M,¢$ be an L-V-structure satisfying A. If C is of the form 3.2.3(1) or
3.2.3(4), then C is logically valid, hence M, ¢ satisfies C' A A. Next, consider
the case when C is of the form 3.2.3(2). If M,¢ satisfies Va B, then M, ¢
satisfies C. Otherwise we have vy (Vz B?) = F, so let ¢ € Uy be such that
vapr(B®[z/c]) = F. Define ¢/ : V. — U by putting ¢'(a) = ¢, ¢'(b) = ¢(b)
for b # a. Since a does not occur in A, we have that M, ¢’ satisfies A. Also,
since a does not occur in B, we have Blz/a]® = B?[z/c] = B%[z/c], hence
oa(Blz/a]?) = vy (B?[z/d)) = F, ie., M,¢ satisfies = B[z/a]. Thus M, ¢
satisfies C'A A. The case when C'is of the form 3.2.3(3) is handled similarly.

For part 2 note that, since C' is a companion of A, C' is a companion of — A.
Thus we have that A is logically valid if and only if = A is not satisfiable, if
and only if C'A— A is not satisfiable (by part 1), if and only if = (C' A= A) is
logically valid, i.e., C = A is logically valid. O

Definition 3.2.5 (companion sequences). A companion sequence of A is a finite
sequence C1, ..., C), such that, for each i« < n, C;11 is a companion of

(Cl/\ /\Ol>:>A

Lemma 3.2.6. If C1,...,C), is a companion sequence of A, then A is logically
valid if and only if (C1 A --- AC,,) = A is logically valid.

Proof. Note that (Cy A -+ AC,) = A is quasitautologically equivalent to
Cpn=(Cho1= - = (C1=A)).
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Our lemma follows by n applications of part 2 of Lemma 3.2.4. O

Theorem 3.2.7 (the Companion Theorem). A is logically valid if and only if
there exists a companion sequence C1, ..., C, of A such that

(CiA - NCp)=A
is a quasitautology.

Proof. The “if” part is immediate from Lemma 3.2.6. For the “only if” part,
assume that A is logically valid. By Theorem 2.5.5 let 7 be a finite closed
unsigned tableau starting with = A. Thus we have a finite sequence of tableaux

Ty T1,---,Tn Where 19 = = A, 7, = 7, and each 7,11 is obtained by applying
a tableau rule R; to 7;. If R; is a quantifier rule, let C; be an appropriate
companion. Thus C,...,C, is a companion sequence for A, and we can easily

transform 7 into a closed tableau 7’ starting with
- A
Ch
Cy
in which only propositional tableau rules are applied. Thus (C1 A --- ACp) = A

is a quasitautology. This proves our theorem.
For instance, if R; is the tableau rule

Vo B
|

Blz/d] ,

where a is an arbitrary parameter, let C; be the companion (Va B) = B[z/al,
and replace the application of (%) by

(Vz B) = Bl/d]
VB
/A

-Vz B Blx/a]

noting that the left-hand path is closed.
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Similarly, if R; is the tableau rule

-Vz B
()

|
- Blz/d]

where a is a new parameter, let C; be the companion B[z/a]=- (Vx B), and
replace the application of (xx) by

Blz/a) :> (Vz B)
e

[\
- Blz/a] Va B

noting that the right-hand path is closed. (Il

Example 3.2.8. As an example illustrating Theorem 3.2.7 and its proof, let
A be the sentence (Jz (PzV Qx)) = ((3x Pz)V (Jx Qx)). Let 7 be the closed

tableau
-A

Jz(PzV Qx)
= ((3z Pz) Vv (3z Qx))
- dx Pz
- dr Qx
PaVQa
- Pa
- Qa
/ o\
a Qa
which shows that A is logically valid. Examining the applications of quantifier
rules in 7, we obtain the companion sequence C1,Cs,Cs for A, where C is

(3z (PzV Qx))= (PaVQa), Cy is Pa= 3z Pz, C3 is Qa= 3z Qx. Clearly
(C1 A Cy AC5) = A is a quasitautology.

P

Exercise 3.2.9. Let A be the logically valid sentence 3z (Px = Vy Py). Find
a companion sequence C1,...,C, for A such that (C1 A --- ACp,)= A is a qu-
asitautology.

54



Solution. The unsigned tableau

-3z (Pz =Yy Py)
= (Pa=VYy Py)
Pa
- Pb
= (Pb=VYy Py)
Pb

is closed and shows that A is logically valid. From this tableau we read off the
companion sequence C1, Cs, C3, where

C: is (Pa=VyPy)=3z(Px=VyPy),
Cy is Pb=Vy Py,
Cs is (Pb=VyPy)= 3z (Px=VYyPy).

A simpler companion sequence for A is C}, C4 where

Cy is Pa=VyPy,
Cy is  (Pa=VYyPy)=Jz(Px=VYyPy).

Exercise 3.2.10. Let A be the logically valid sentence 3z (Pz < Vy Py). Find
a companion sequence C1,...,C, for A such that (C1 A --- AC),)= A is a qu-
asitautology.

Solution. To find a companion sequence for A, we first construct a closed un-
signed tableau starting with — A.

=3z (Pz < Vy Py)
- (Pa <Yy Py)
/ \
Pa - Pa
~Vy Py vy Py
- Pb Pa
- (Pbe Yy Py)
/ \
Pb - Pb

~VyPy  VyPy
From this tableau, we read off the companion sequence C1,Cs, Cs, Cy where

Cy is  (PaeVyPy)=Jz(Px<VyPy),
Cy is Pb=(VyPy),
Cs; is (PbeVyPy)= 3z (Pz<VyPy),
Cy is (YyPy)= Pa.

95



A simpler companion sequence for A is C1, CY, C4 where

Cy is Pa=VyPy,
Cy is  (YyPy)= Pa,
Ct is (PaeVyPy)= 3z (Px<VyPy).

3.3 Hilbert-Style Proof Systems

Let L be a language. Recall that V is the set of parameters.

Definition 3.3.1 (the system LH). Our Hilbert-style proof system LH for the
predicate calculus is as follows:

1. The objects are L-V-sentences.
For each quasitautology A, (A) is a rule of inference.

((Vx B)= B[z/a]) and (B[z/a] = (3x B)) are rules of inference.

L

(A, A= B, B) is a rule of inference.

5. (A= Blz/a], A= (Vx B)) and (B[z/a]= A, (3x B) = A) are rules of in-
ference, provided the parameter a does not occur in A or in B.

Schematically, LH consists of:
1. A, where A is any quasitautology

2. (a) (Vx B)= Blz/a] (universal instantiation)
(b) Blzx/a]= (3z B) (existential instantiation)

3. Ad=B (modus ponens)
B

4. (a) % (universal generalization)
Blz/a]= A

(b) GBS A (existential generalization),
where a does not occur in A, B.

Lemma 3.3.2 (soundness of LH). LH is sound. In other words, for all L-V-
sentences A, if A is derivable, then A is logically valid.

Proof. The proof is straightforward by induction on the length of a derivation.
The induction step is similar to the proof of Lemma 3.2.4. (|

Example 3.3.3. In LH we have the following derivation:

1. (Vz A) = Alz/a] (by universal instantiation)
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2. Alz/a]= (3z A) (by existential instantiation)

3. (Vz A)= Alz/a]) = (Alz/a]= (Fx A)) = ((Vz A) = (3z A)))
(This is a quasitautology, obtained from the tautology
p=a=(g=r)={@=r)))
4. (Alz/a]= (Fz A))= ((Vx A) = (3z A)) (from 1, 3, and modus ponens)
5. (Vo A)= (3z A) (from 2, 4, and modus ponens)

Thus, by Lemma 3.3.2, (Vx A) = (3= A) is logically valid.
Example 3.3.4. In LH we have the following derivation:
1. B[z/a]= (3z B) (by existential instantiation)
2. (Blz/a]= (3z B))= ((AA B)[z/a] = (Jz B)) (a quasitautology)
3. (AAB)[z/a]= (3= B) (from 1, 2, and modus ponens)
4. (32 (AAB))= (3= B) (from 3 and existential generalization)
Thus, by Lemma 3.3.2, (3z (AA B)) = (3z B) is logically valid.
We now turn to the proof that LH is complete.

Lemma 3.3.5. LH is closed under quasitautological consequence. In other
words, if Ay, ..., A are derivable, and if B is a quasitautological consequence
of Ay,..., Ak, then B is derivable.

Proof. We are assuming that B is a quasitautological consequence of Ay, ..., Ag.
Thus 4; = (A2 = - -+ = (A = B)) is a quasitautology, hence derivable. We are
also assuming that Ay, ..., Ay are derivable. Thus we obtain B by k applications
of modus ponens. O

Lemma 3.3.6. If C is a companion of A, and if C = A is derivable in LH, then
A is derivable in LH.

Proof. First, suppose C is of the form 3.2.3(1), namely (Vo B) = Blz/a]. By
universal instantiation, C' is derivable. In addition, we are assuming that C' = A
is derivable. Hence, by modus ponens, A is derivable.

Next, suppose C' is of the form 3.2.3(2), namely B[z/a]=- (Vx B), where
a does not occur in A, B. We are assuming that C'= A is derivable, i.e.,
(Blz/a]= (Vx B)) = A is derivable. It follows by Lemma 3.3.5 that both (i)
(= A)= Blz/a] and (ii) (- A) = (= Vz B) are derivable. Applying universal gen-
eralization to (i), we see that (= A) = (Vz B) is derivable. From this plus (ii),
it follows by Lemma 3.3.5 that A is derivable.

The other cases, where C' is of the form 3.2.3(3) or 3.2.3(4), are handled
similarly. ([
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Theorem 3.3.7 (completeness of LH). LH is sound and complete. In other
words, for all L-V-sentences A, A is derivable if and only if A is logically valid.

Proof. The “only if” part is Lemma 3.3.2. For the “if” part, assume that
A is logically valid. By Theorem 3.2.7, there exists a companion sequence
Cy,...,Cy, for A such that (C1 A --- ACp,)= A is a quasitautology. Hence
Cp=(Cph_1= -+ = (C1 = A)) is a quasitautology, hence derivable. From this
and n applications of Lemma 3.3.6, we obtain derivability of A. (|

Remark 3.3.8. For convenience in writing proofs, we supplement the rules of

LH with
Ay - Ay

B

whenever B is a quasitautological consequence of Ay, ..., Ag. This is justified by
Lemma 3.3.5. We indicate applications of this rule by QT, for quasitautology.
Similarly we use UI, EI, UG, EG to indicate universal instantiation, existential
instantiation, universal generalization, existential generalization, respectively.

Exercise 3.3.9. Construct a Hilbert-style proof of the sentence
(3zVy Ray) = (Vy Iz Ray).

Solution. A proof in LH is

1. (Vy Ray)=- Rab UI
2. Rab=-(3z Rxb) EI
3. (Vy Ray) = (3x Rxb) 1,2,QT
4.  (Vy Ray)= (Vy 3z Rzy) 3,UG
5. (3zVy Rzy)= (Vy Iz Rzry) 4, EG

Exercise 3.3.10. Construct a Hilbert-style proof of the sentence
(Vz (Pz A Qx)) < ((Vx Px) A (VY Q)

Solution. A proof in LH is

1. (Vz(PzAQx))= (PaAQa) Ul
2. (VY (PxAQz))= Pa 1,QT
3. (Ya (PxAQz))=VzPx 2,UG
4. Yz (PzxAQz))=Qa 1,QT
5. (Vz(PzxAQz))=VrQr 4,UG
6. (VzPx)= Pa Ul
7. (VzQz)=Qa Ul
8. ((VxzPz)A(VzQx))= (PaAQa) 6,7,QT
9. ((VzxPzx)A(VzxQx))=Va (PxAQx) 8,UG
10.  (Vz (PzxAQx))< (Vo Px)A (VxQx))  3,5,9,QT

Exercise 3.3.11. Construct a Hilbert-style proof of — 3z Vy (Eyx < — Eyy).
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Solution. A proof in LH is

Yy (Fya < - Eyy) = (Eaa < - Eaa) Ul
—Vy (Eya < - Eyy) 1L,QT
(Vy (Eya <~ Eyy)) =~ 3z Vy (Eyz < - Eyy) 2,QT
(zVy (Fyzr < - Eyy))= -3 Vy (Eyx < - Eyy) 3,EG
- 3JaVy (Eyx < — Eyy) 4,QT

G o=

Exercise 3.3.12. Construct a Hilbert-style proof of the sentence
-3z (Sz AVy (BEyz < (Sy A— Eyy))).

Solution. A proof in LH is

1. (My(Bya< (Syn—-Eyy)))= (Faa< (SaA-Eaa)) Ul
2. (SaA(Vy(Bya< (SyA-Eyy))))= (SbA—-Sb) 1,QT
3. (Fz(SzA(Vy(Eyz< (Syn—-Eyy)))))=(SbA-Sb) 2EG
4. =3z (Sz A (Vy (Eyz< (SyA-Eyy)))) 3,QT

Exercise 3.3.13. Construct a Hilbert-style proof of 3z (Px = Vy Py).

Solution. A proof in LH is

1. (Pa=VyPy)= 3z (Px=VYyPy) EI
2. (-3z(Px=VyPy))= Pa 1,QT
3. (m3zx(Px=VYyPy))=VyPy 2,UG
4. dx(Px=Vy Py) 1,3,QT

Exercise 3.3.14. Construct a Hilbert-style proof of 3z (Px < Vy Py).

Solution. A proof in LH is

1. (Pa<sVYyPy)= 3z (Px< Yy Py) EI
2. (VyPy)= Pa Ul
3. (=3z(PzxeVyPy))= Pa 1,2,QT
4. (=3z(Pz<VyPy))=VyPy 3,UG
5. Jx(Px<Vy Py) 1,2,4,QT

Exercise 3.3.15. Consider the following proof system LH', which is a “stripped
down” version of LH. The objects of LH' are L-V-sentences containing only V,
=, = (i.e., not containing 3, <, A, V). The rules of LH' are:

(a) quasitautologies
(b) (Vz B)= B[z/d]
(¢) V(A= B))=(A=VzB)
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(d) AAT:}B (modus ponens)

Blz/a]
©) <2 B
Show that LH' is sound and complete.

(generalization), where a does not occur in B.

Solution. Soundness is proved just as for LH.

Just as for the full tableau method, we can prove soundness and complete-
ness of the restricted tableau method with V, =, =, and from this we obtain
the restricted Companion Theorem. There are now only two kinds of compan-
ions, the ones involving V. It remains to prove the following lemma: If C is a
companion of A, and if C' = A is derivable in LH’, then A is derivable in LH’.

Consider a companion of the form Blz/a] = (Vx B). Assume that

(B[z/a]= (Vz B))= A

is derivable in LH’, where a does not occur in A, B. It follows quasitautologically
that both (1) (- A) = Blz/a] and (2) (= A) = —~Vx B are derivable in LH'. From
(1) and the generalization rule (e) of LH', we see that Vz ((— A) = B) is derivable
in LH'. Also, by rule (c) of LH’,

(Vz((-A)=B))=((~A)=VxB)

is derivable in LH'. Hence, by modus ponens, (= A) = Vz B is derivable in LH'.
It follows quasitautologically from this and (2) that A is derivable in LH'. This
completes the proof.

Exercise 3.3.16.

1. Let S be a set of L-sentences. Consider a proof system LH (S) consisting
of LH with additional rules of inference (A), A € S. Show that an L-V-
sentence B is derivable in LH () if and only if B is a logical consequence
of S.

2. Indicate the modifications needed when S is a set of L-V-sentences.
Solution.

1. By induction on the length of derivations, it is straightforward to prove
that each sentence derivable in LH(S) is a logical consequence of S. The
assumption that S is a set of L-sentences (not L-V-sentences) is used in
the inductive steps corresponding to rules 4(a) and 4(b), universal and
existential generalization, because we need to know that the parameter a
does not occur in S.

Conversely, assume B is a logical consequence of S. By the Compactness
Theorem, it follows that B is a logical consequence of a finite subset of
S, say Aj,...,A,. Hence (A1 A --- AN A,) = B is logically valid. Hence,
by completeness of LH, (A1 A --- AA,)= B is derivable in LH. Since
LH(S) includes LH, we have that
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(AN - NA,) =B

is derivable in LH(S). But Ay,..., A, are derivable in LH(S). It follows
quasitautologically that B is derivable in LH(S). This completes the
proof.

2. If S is a set of L-V-sentences, we modify our system as follows. Let V’
be a countably infinite set of new parameters, disjoint from V. Define
LH(S) as before, but allowing parameters from V U V’. The objects are
L-VUV’-sentences. In rules 4(a) and 4(b), one must impose the restriction
that a does not occur in A, B, S. With this modification, everything goes
through as before.

Notation 3.3.17. We write S - B to indicate that B is derivable in LH (S).

Exercise 3.3.18. Let S be an infinite set of L-sentences, and let B be an L-
sentence. Prove that S = B (i.e., B is true in all L-structures satisfying 5)

if and only if there exists a finite set of L-sentences Aj,..., Ax € S such that
Ai,..., A+ B (i.e., B is provable from Aq,..., Ag).

Solution. The “if” part follows from the soundness of our proof system. For the
“only if” part, assume that S | B, i.e., SU{— B} is not satisfiable. It follows
by the Compactness Theorem that there exists a finite set {A;,...,Ax} C S
such that Aj,..., Ag,— B is not satisfiable. Thus B is a logical consequence of
Ay, ..., Ag. It follows by completeness of our proof system that Ay,..., Ax F B.

3.4 Gentzen-Style Proof Systems

Throughout this section, let L be a language. As usual, V is the set of param-
eters.

Before presenting our Gentzen-style proof system for L, we first discuss the
block tableau method, a trivial variant of the signed tableau method.

Definition 3.4.1. A block is a finite set of signed L-V-sentences. A block is
said to be closed if it contains T A and F A for some L-V-sentence A.

Notation 3.4.2. If S is a block and X is a signed L-V-sentence, we write S, X
instead of S U {X}, etc.

Definition 3.4.3. A block tableau is a rooted dyadic tree where each node car-
ries a block. A block tableau is said to be closed if each of its end nodes is closed.
Given a block S, a block tableau starting with S is a block tableau generated
from S by means of block tableau rules. The block tableau rules are obtained
from the signed tableau rules (pages 13 and 31) as follows. Corresponding to
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signed tableau rules of the form

X X X X

| | /\ /\
Y Y, Y Z i Z
Ys Yo Zy
we have block tableau rules
S, X S, X S, X S, X
| | / \ /\
S7X7Y SuXuylun S7X7Y Sa—X7Z Sa—X7YVl7Y'2 SuXuth?
respectively.

For example, we have the following block tableau rules:

S TAAB S,FAAB
| /\
S, TAAB,TA,TB SFAAB,FA S,FAAB,FB
S, TA=DB SSFA=1B
|
S, TA=B,FA S,TA= B,TB SFA=B,TAFB
S, TV A S,FVz A
| |
S, TVx A, T Alz/d] S, FVz A, F A[x/a)

where a is new.

Example 3.4.4. We exhibit a closed block tableau demonstrating that Jdx A is
a logical consequence of Vx A.

TVz A, Fdz A

|
TVx A, F3z A, T Alz/q]

|
TVz A, F3z A, T Alz/a], F Alz/a)
This block tableau is of course similar to the signed tableau

Tvx A
Fiz A
T Alz/a]
F Alz/a)
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which demonstrates the same thing.

We now define our Gentzen-style system, LG.

Definition 3.4.5. A sequent is an expression of the form I' — A where I' and
A are finite sets of L-V-sentences. If S = T A4, ..
block, let |S| be the sequent Ay, ..., A, — Bi,...,B,. This gives a one-to-one

correspondence between blocks and sequents.

Definition 3.4.6 (the system LG). Our Gentzen-style proof system LG for the

predicate calculus is as follows.

1.
2.

The objects of LG are sequents.?

For each closed block S, we have a rule of inference (|S|). In other words,
for all finite sets of L-V-sentences I' and A and all L-V-sentences A, we

assume the sequent I') A — A, A.

For each non-branching block tableau rule

S
|
S/
- : 1Y
we have a rule of inference {(|S’|,|S|), i.e., IGE

. For each branching block tableau rule

S

/\

Sl S//

1S 15"
s

we have a rule of inference (|S’|,|S”|,|S]), i.e.,

Thus LG includes the following rules of inference:

2For this reason, LG is sometimes called a sequent calculus.
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rA—AA

I''-4—AA INA—-AA
I''=-A— A I'—>-4A
I'VAANB,A,B— A I'-AANB,A/A T —- AANB,B,A

T'AANB — A I' - AANB,A
INA=B—- AA T, A=B,B—> A I'NA— A= B,B,A
I''A=B — A I' - A=B,A
I\Wa A Alz/a] = A I > Ve A Alz/a], A
I'VzA— A I ->VxAA

where a does not occur in the conclusion.

Exercise 3.4.7. Explicitly display the remaining inference rules of LG.

Definition 3.4.8. A sequent Ai,...,A,, — B1,...,B, is said to be logically
valid if and only if the L-V-sentence

(ALA - ANAp)= (B1V -V By,)
is logically valid.?

Theorem 3.4.9 (soundness and completeness of LG). LG is sound and com-
plete. In other words, a sequent I' — A is logically valid if and only if it is
derivable in LG. In particular, an L-V-sentence A is logically valid if and only
if the sequent

— A

is derivable in LG.

Proof. Note that the sequent A;,...,A,, — Bi,..., B, is logically valid if
and only if the block T Ay,..., T A,,,F By,...,F B, is not satisfiable. Thus,
soundness and completeness of LG is equivalent to soundness and completeness
of the block tableau method. The latter is in turn easily seen to be equivalent

to soundness and completeness of the signed tableau method, as presented in
Theorems 2.3.13 and 2.5.5. O

3In particular, the sequents Ai,...,Am — and — Bi,..., B, are said to be logically
valid if and only if the L-V-sentences — (A1 A -+ A Ap) and By V --- V By, are logically valid,
respectively. The empty sequent — is deemed not logically valid.
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Exercise 3.4.10. Construct a Gentzen-style proof of the sequent

dxVy Rry — Yy Jx Rxy.

Solution. A proof in LG is

1.

S D

Definition 3.4.11. In order to simplify the writing of Gentzen-style proofs, let
LG be LG augmented with the so-called weakening rules or padding rules:

dxVy Rxy,Vy Ray, Rab — Rab, 3x Rxb, Yy 3x Rxy
JdxVy Rxy,Vy Ray, Rab — 3x Rxb, Yy 3x Rxy
dxVy Rxy,Vy Ray — Jx Rxb,Vy 3x Ry

dxVy Rxy — Jx Rab,Vy Jx Ry

dxVy Rxy — Yy dx Rxy

= A = A
A— A r—AA

where A is an L-V-sentence. Clearly LG™ is sound and complete.

Remark 3.4.12. Any proof in LG is a proof in LG™, and any proof in LG™
may be straightforwardly “padded out” to a proof in LG. Thus LG differs only
slightly from LG. However, proofs in LG™T are easier. For example, patterned

on the above proof in LG, we have the following proof in LG ™:

1.
1.5.
2.
2.5.
3.
3.5.
4.
4.5.
o.

Rab — Rab

Yy Ray, Rab — Rab

Vy Ray — Rab

Vy Ray — Rab, 3x Rxb

Yy Ray — Jx Rxb

JxVy Rxy,Vy Ray — Jx Rxb
JxVy Rxy — Jx Rab

dxVy Rry — Jx Rab,Vy Jx Rxy
dxVy Rry — Yy Jx Rxy

or, omitting the applications of the padding rules,

Al

Rab — Rab

Vy Ray — Rab

Vy Ray — 3z Rxb

Jx Vy Rxy — Jx Rab
dxVy Rxy — Yy dx Rxy

Exercise 3.4.13. Construct a Gentzen-style proof of the sequent

— (3 Yy Rzy) = (Yy Iz Ray).

Solution. A proof in LG consists of the previous proof followed by

9.5.
6.

JxVy Rxy — Yy Jz Ray, (JxVy Ray) = (Vy Jx Rry)
— (JzVy Rzy) = (Vy Iz Ray)
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Exercise 3.4.14. Construct a Gentzen-style proof of the sequent
— =3z (Sz AVy (Byz < (Sy A= Eyy))).

Solution. A proof in LG' with padding rules omitted is

1. FEaa — Faa axiom
2. Faa,—~ Faa — from 1
3. Faa,SaN-FEaa — from 2
4. Sa— Sa axiom
5. — Faa,— Faa from 1
6. Sa— Faa,SaN-Faa from 4 and 5
7. Sa,Eaa< (SaA-Eaa) — from 4 and 6
8. Sa,Vy(Eya< (SyA-Eyy)) — from 7
9. SaAVy(Eya<s (SyA-Eyy)) — from 8
10.  Jz (SzAVy (Eyzr < (SyA-Eyy)) — from 9
11. = =3z (SzAVy (Byz < (Sy A - Eyy)) from 10

Exercise 3.4.15. Construct a Gentzen-style proof of 3x (Px = Vy Py).

Solution. A proof in LG' with padding rules omitted is

1. Pa— Pa axiom
2. — Pa,Pa=VYy Py from 1
3. — Pa,3x (Pz=VYyPy) from 2
4. —VyPy,3z (Px=VYyPy) from 3
5. — Pa=VyPy,3x (Pr=VyPy) from4
6. — Jz(Pzx=VyPy) from 5

Exercise 3.4.16. Construct a Gentzen-style proof of 3z (Px < Vy Py).

Solution. A proof in LG' with padding rules omitted is

1. Pa — Pa,Vy Py axiom

2. Yy Py — Pa,Vy Py axiom

3. — Pa&VyPy,Pa,Vy Py from 1 and 2 via —» &
4. — Pa&VyPy,Vy Py from 3 via —V

5. Pb— Pb axiom

6. VyPy— Pb from 5 via V—

7. — Pa&sVyPy,PbsYy Py from 4 and 6 via —» &
8. — PasVyPy,3x(Pr<VyPy) from 7 via —3

9. — Jz(Px&VyPy) from 8 via —3

The above proof was derived from the tableau in Exercise 3.2.10.

Exercise 3.4.17. Let LG (atomic) be a variant of LG in which I'; A — A, A is
assumed only for atomic L-V-sentences A. Show that LG (atomic) is sound and
complete. (Hint: Use the result of Exercise 2.5.7.)
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Exercise 3.4.18.

1. The modified block tableau rules are a variant of the block tableau rules of
Definition 3.4.3, replacing each non-branching rule of the form

S, X

|
S,X,Yl,}/é

by a pair of rules
S, X S, X

| |
S, X, Y 5,X.Ys

Show that the modified block tableau rules are sound and complete.

2. Let LG’ be the variant of LG corresponding to the modified block tableau
rules. Write out all the rules of LG’ explicitly. Show that LG’ is sound
and complete.

3.5 The Interpolation Theorem

As usual, let L be a language and let V' be the set of parameters.

Theorem 3.5.1 (the Interpolation Theorem). Let A and B be L-V-sentences.
If A= B is logically valid, we can find an L-V-sentence I such that:

1. A=1 and I = B are logically valid.
2. Each predicate and parameter occurring in I occurs in both A and B.

Such an I is called an interpolant for A= B. We indicate this by writing
I

A= B.

Remark 3.5.2. If A and B have no predicates in common, then obviously the
theorem is incorrect as stated, because all L-V-sentences necessarily contain at
least one predicate. In this case, we modify the conclusion of the theorem to
say that at least one of = A and B is logically valid.* The conclusion is obvious
in this case.

In order to prove the Interpolation Theorem, we introduce a “symmetric”
variant of LG, wherein sentences do not move from one side of — to the other.

Definition 3.5.3. A signed sequent is an expression of the form M — N where
M and N are finite sets of signed L-V-sentences. A wariant of M — N is a
signed sequent obtained from M — N by transferring sentences from one side
of — to the other, changing signs. In particular, M, X — N and M — X, N
are variants of each other, where we use an overline to denote conjugation, i.e.,

TA=FA FA=TA.

4This amounts to saying that at least one of the truth values T and F is an interpolant for
A= B.
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Definition 3.5.4. Let
C’l,...,Cm —)Dl,...,Dn

be an unsigned sequent®. A signed variant of C1,...,C,, — D1,...,D, is any
variant of the signed sequent

TCy,...,TCyp —TDy,....,TD,.

Note that each signed sequent is a signed variant of one and only one unsigned
sequent. We define a signed sequent to be logically valid if and only if the
corresponding unsigned sequent is logically valid.

Definition 3.5.5. LG(symmetric) is the following proof system.

1. The objects are signed sequents.

2. We have
M, X - X,N
and
M,X,X >N
and
M- X,X,N
for all X.

3. For each signed tableau rule of the form
X X X X
| | /\ /\

Y Y, Y Z i 7
Ys Yo Zs

we have a corresponding pair of signed sequent rules

5An unsigned sequent is just what we have previously called a sequent.
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M,X,Y - N M= X,Y,N

M, X - N M—X,N
M, X,Y1,Y, = N M — X,Y1,Ys,N
M,X - N M—-X,N
M,X,Y N M,X,Z—N M—-X, YN M—X,Z,N
M, X - N M —X,N

M, X Y1,Ys =N M,X,Z1,Zy - N M—XY1,Ya9N M — X,Z1,Z>, N

M,X -+ N M— X,N
respectively.

Lemma 3.5.6. An unsigned sequent is derivable in LG if and only if all of its
signed variants are derivable in LG (symmetric).

Proof. The proof is by induction on the length of derivations in LG. The
base step consists of noting that all signed variants of I'; A — A, A are of
the form M,X — X,N or M,X,X — N or M — X,X,N, hence deriv-
able in LG (symmetric). The inductive step consists of checking that, for each
rule of inference of LG, if all signed variants of the premises are derivable
in LG(symmetric), then so are all signed variants of the conclusion. This is
straightforward. O

Theorem 3.5.7. LG(symmetric) is sound and complete. In other words, a
signed sequent is logically valid if and only if it is derivable in LG (symmetric).
In particular, an L-V-sentence A= B is logically valid if and only if the signed
sequent T A — T B is derivable in LG (symmetric).

Proof. Soundness and completeness of LG (symmetric) follows from Theorem
3.4.9, soundness and completeness of LG, using Lemma 3.5.6. ([

We now prove the Interpolation Theorem.

Definition 3.5.8. Let M — N be a signed sequent. An interpolant for M — N
is an L-V-sentence I such that the signed sequents M — T and TI — N are
logically valid, and all predicates and parameters occurring in I occur in both

M and N.% We indicate this by writing M L N.

In order to prove the Interpolation Theorem, it suffices by Theorem 3.5.7 to
prove that every signed sequent derivable in LG (symmetric) has an interpolant.
We prove this by induction on the length of derivations.

6In the special case when M and N have no predicates in common, we require instead
that at least one of the signed sequents M — and — N be logically valid. This amounts to
requiring that at least one of T, F be an interpolant for M — N.
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For the base step, we note that X is an interpolant for M, X — X, N, and
that M, X, X — and — X, X, N are logically valid. Thus we have M, X X X,N
and M, X, X 5 N and M 5 X, X, N.

For the induction step we show that, for each rule of LG (symmetric), given
interpolants for the premises of the rule, we can find an interpolant for the
conclusion. We present some representative special cases.

M,TAAB,TA,TBL N ML FAAB,FAFB,N
M,TAANBL N MLFAAB N

M,FAAB,FALN MFAABFBLN

M,FAANBZY N

ML TAANB,TAN MZLTAAB,TB,N

M™{TAAB, N

M,T-AFALN MLF-ATAN
M,T-ALN ML F-AN
M,F-A,TALN MLT-AFAN
MF-ALN MLT-AN

M,FVz A,F Alz/a] &> N
M,FYz AL N
where a does not occur in the conclusion.
M 5 TVz A, T Alz/a], N
ML TvVr AN
where a does not occur in the conclusion.
M, TVz A, T Alz/a] 5 N
M,Tvz AL N

where K = I if a occurs in M, TVz A, otherwise K = Vz I[a/z] where z is a
new variable.

M L Fvz A F Alz/a), N
MEFveaA N

where K =T if a occurs in FVa A, N, otherwise K = 3z I[a/z] where z is a new
variable.

This completes the proof.
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Example 3.5.9. We give an example illustrating the Interpolation Theorem.
Let n be a large positive integer, say n = 1000. Let A,, say that the universe
consists of the vertices of a simple, undirected graph with a clique of size n.
Let B, say that the graph is not (n — 1)-colorable. Both A,, and B,, contain
a predicate R denoting adjacency in the graph. A, contains a unary predicate
@ denoting a clique. B,, contains a binary predicate E saying that two vertices

get the same color.
A, is:

R and G are irreflexive relations on the universe, R is symmet-
ric, G is transitive, Vz Vy ((Qz A Qy A Gary) = Rxy), and there exist
T1,...,Ty such that Qri A -+ AQry AGrizo A -+ NGXpy_12y.

B,, is the negation of:

E is an equivalence relation on the universe, Vo Vy (Rry = - Exy),
and there exist z1,...,z,_1 such that Vy (Ez1yV -+ V Ex,_1y).

Clearly A,, = B, is logically valid. Note that the lengths of A,, and B,, are O(n),
i.e., proportional to n. The obvious interpolant I,, says there exists a clique of
size n, i.e., there exist xi,...,x, such that Rrxixo A Rxix3A -+ AN Rxp_12,.
Note that the length of I,, is O(n?), i.e., proportional to n?. It appears that
there is no interpolant of length O(n).
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Chapter 4

Extensions of Predicate
Calculus

In this chapter we consider various extensions of the predicate calculus. These
extensions may be regarded as inessential features or “bells and whistles” which
are introduced solely in order to make the predicate calculus more user-friendly.

4.1 Predicate Calculus with Identity

Definition 4.1.1. A language with identity consists of a language L with a
particular binary predicate, I, designated as the identity predicate.

Definition 4.1.2. Let L be a language with identity. The identity axioms for
L are the following sentences:

1. Va Izz (reflexivity)
2. VaVy (Izy < Iyx) (symmetry)
3. Ve VyVz ((Izy A lyz) = Ixz) (transitivity)

4. For each n-ary predicate P of L, we have an axiom
Vay - Ve, Vyr - Yyn (Hzayr A - Azpyn) = (Pr1- -2 < Py Yn))

(congruence).

Exercise 4.1.3. Show that the identity predicate is unique in the following
sense. If L contains two identity predicates I; and Io, then Vz Vy (I1zy < Lyxy)
is a logical consequence of the identity axioms for I; and Is.

Let L be a language with identity.

Definition 4.1.4. An L-structure M is said to be normal if the identity pred-
icate denotes the identity relation, i.e., Iny = {(a,a) | a € Up}.
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Note that any normal L-structure automatically satisfies the identity axioms
for L. Conversely, we have:

Theorem 4.1.5. Let M be an L-structure satisfying the identity axioms for
L. For each a € Uy put @ = {b € Upns | vpmr(Zab) = T}. Then we have a normal
L-structure M and an onto mapping ¢ : Upr — Us7 as in Theorem 2.7.3, defined
by putting Uz; = {@ | a € Un}, and Py = {(@1,...,@n) | (@1,...,an) € Py}
for all n-ary predicates P.

Proof. This is straightforward, using the fact that Ips is a congruence with
respect to each of the relations Py, P € L. ]
Theorem 4.1.6. If M is an L-structure satisfying the identity axioms for L,

then we have a normal L-structure M satisfying the same sentences as M.

Proof. This is immediate from Theorems 4.1.5 and 2.7.3. ]

Let S be a set of L-sentences.

Definition 4.1.7. S is normally satisfiable if there exists a normal L-structure
which satisfies S.

Corollary 4.1.8. S is normally satisfiable if and only if
S U {identity axioms for L}
is satisfiable.
We also have the Compactness Theorem for normal satisfiability:

Corollary 4.1.9. S is normally satisfiable if and only if each finite subset of S
is normally satisfiable.

Proof. This is immediate from Corollary 4.1.8 plus the Compactness Theorem
for predicate calculus without identity (Theorems 2.6.1 and 2.6.2), applied to
the set S U {identity axioms for L}. O

Regarding normal satisfiability in particular domains, we have:

Example 4.1.10. Given a positive integer n, we exhibit a sentence E, which
is normally satisfiable in domains of cardinality n but not in domains of any
other cardinality. The sentence

Fzy -+ Fz, Vy (Tzay Voo VIepy) Ao (Tzgza V Iz Voo VI, q1y))
has this property. Intuitively, E,, says that there exist exactly n things.

Exercise 4.1.11. Let M = (Ups, far, g, Ing) where Uy = {0,1,2, 3,4}, Iy is
the identity relation on Uy, and fys, gas are the binary operations of addition
and multiplication modulo 5. Thus M is essentially just the ring of integers
modulo 5. Let L be the language consisting of f, g, I. Note that M is a normal
L-structure.

Write an L-sentence A such that for all normal L-structures M’, M’ satisfies
A if and only if M’ is isomorphic to M.
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Solution. A brute force solution is to let A be Jxg Jr1 Jzo I3 24 B, where B
is the conjunction of {Vy (IzoyV Iz1yV IzoyV IzsyV Izay)} U {~Ixiz; 1 i #
JYU{Ifrizjag | i+ 7 = k mod 5} U {Igx;xjzx | ij = k mod 5} with 4,7,k
ranging over 0,1, 2,3, 4.

Another solution is to let A be a sentence describing a field consisting of 5
elements. Namely, let A be the conjunction of the field axioms plus “there exist
exactly 5 things”. We are using the algebraic fact that, up to isomorphism,
there is exactly one field of 5 elements.

Exercise 4.1.12. Let L be a finite language with identity, and let M be a
finite normal L-structure. Construct an L-sentence A such that, for all normal
L-structures M', M’ = A if and only if M’ is isomorphic to M.

Solution. Let aq,...,ax be the elements of Uy, and let P, ..., Q be the predi-
cates of L. As A we may take

Jz1 - Fzx (Dp A -+ ADg AVy (Iz1yV -+ VIzgy))

where for each n-ary predicate P of L, Dp is the conjunction of Pz;, - --x;, for
each n-tuple {(a;,,...,a;,) € Py, and = Px;, - - - x;, for each n-tuple
<ai1, . ,ain> ¢ PM

On the other hand, we have:
Theorem 4.1.13 (Léwenheim/Skolem Theorem).

1. If S is normally satisfiable in arbitrarily large finite domains, then S is
normally satisfiable in some infinite domain.

2. If S is normally satisfiable in some infinite domain, then S is normally
satisfiable in all infinite domains of cardinality > the cardinality of S.

Proof. For the first part, let S* = SU{H, | n = 1,2,...} where H, is the
sentence
Fzy -+ Frp m(Tz122 VI3V - VI, qay)

saying that there exist at least m things. Since S is normally satisfiable in
arbitrarily large finite domains, each finite subset of S* is normally satisfi-
able. Hence, by Corollary 4.1.9, S* is normally satisfiable. But any normal
L-structure satisfying S* satisfies S and has an infinite domain.

For the second part, let x be a cardinal number > the cardinality of S. Let
L* = LU{Q; | i € X}, where each Q; is a new l-ary predicate, and X is a set of
cardinality k. Let S* = SU{3z Qx| i € X} U{-Fz (Qiz A Q;z) | i,j € X,i #
7} U {identity axioms for L*}. Thus S* is a set of L*-sentences of cardinality .
Furthermore, any domain in which S* is satisfiable will contain pairwise distinct
elements a;, i € X, and will therefore have cardinality > . By assumption, S
is normally satisfiable in some infinite domain. It follows that each finite subset
of §* is satisfiable. Hence, by the Compactness Theorems 2.6.1 and 2.6.2, S* is
satisfiable. Hence, by part 2 of Theorem 2.7.1, S* is satisfiable in a domain of
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cardinality k. Therefore, by Theorems 4.1.5 and 4.1.6, S* is normally satisfiable
in a domain of cardinality < k, hence = k. Let M™* be a normal L*-structure
with Ups+ of cardinality k. Let M be the reduct of M* to L, i.e., M is the
L-structure with Up; = Ups+ and Pyy = Py« for each predicate P in L. Then
M normally satisfies S and Uy is of cardinality . ]

Exercise 4.1.14. Let L be the following language:

Ox: z=1

Pxyz: x+y==z2

Qryz: x X y==z

Rzy: x <y

Sxy: x+1=y

Izy: x =y (identity predicate)
For each positive integer n, let M,, be the normal L-structure

M, = (Upn, Oy, Pry, Qn, Rny Sny Iny)

where

U,={1,...,n}

On = {1}

Py ={(i,j, k) € (Un)® | i +j =k}

Qn = {{i,j.k) € (Un)® | i x j =k}

Ry ={(i,j) € (Un)® i < j}

Sn={(i,j) € (Un)* | i+ 1=j}

In = {(i,j) € (Un)* | i=j}

Exhibit an L-sentence Z such that, for all finite normal L-structures M’, M’ |=
Z if and only if M’ is isomorphic to M,, for some n.

Solution. As Z we may take the conjunction of the following clauses.
a) Va Vy (Rxy V Ryx V Lzy)
b) Va Vy (Rry = — Ryx)

(

(

(c) Vo VyVz ((Rey A Ryz) = Raz)

(d) Vo Vz (Szz < (Rez A= 3y (Rey A Ryz)))
(

e) Yu (Ou< -3z Rau)
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f) Yu (Ou=Va Vz (Puzz < Szz))

(
(g) Yo Vw (Svw =V Vz (Pwrz < Jy (Syz A Puzy)))
(h) Yu (Ou=VzVz (Qurz & Ixz))

(

i) Yo Vw (Svw =V ¥z (Quzz < Ty (Qury A Pxyz)))

Clauses (a), (b) and (c) say that R is an irreflexive linear ordering of the universe.
Clause (d) says that S is the immediate successor relation, with respect to R.
Clause (e) says that 1 is the first element of the universe, with respect to R.
Clauses (f) and (g) define the addition predicate P, by induction along R,
in terms of S. Clauses (h) and (i) define the multiplication predicate @, by
induction along R, in terms of S and P.

Exercise 4.1.15. Let L and M, be as in Exercise 4.1.14. Show that there
exists an infinite normal L-structure M = M., with the following property: for
all L-sentences A, if M, = A for all sufficiently large primes p, then M, = A.
(Hint: Use the Compactness Theorem.)

Solution. Let S be the set of L-sentences A with the following property: there
exists n = ny4 such that for all primes p > na, M), satisfies A. We claim that
every finite subset of S is normally satisfiable. To see this, let S = {A1,..., Ax}
be a finite subset of S. Put n = max(na,,...,na,). Let p be any prime > n.
Then M, satisfies A;,..., Ar. This proves our claim. By the Compactness
Theorem for normal satisfiability (Corollary 4.1.9), it follows that S is normally
satisfiable. Let M., be a normal L-structure satisfying S. Among the sentences
of S are those asserting that the universe has at least k elements, for each
positive integer k. Since M, satisfies these sentences, M, is infinite.

4.2 The Spectrum Problem

Definition 4.2.1. Let A be a sentence of the predicate calculus with identity.
The spectrum of A is the set of positive integers n such that A is normally
satisfiable in a domain of cardinality n. A spectrum is a set X of positive
integers, such that X = spectrum(A) for some A.

Remark 4.2.2. The spectrum problem is the problem of characterizing the
spectra, among all sets of positive integers. This is a famous and apparently
difficult open problem.! In particular, it is unknown whether the complement
of a spectrum is necessarily a spectrum.

Example 4.2.3. We show that the set {n > 1| n is even} is a spectrum.

1 Jones/Selman [1] show that X is a spectrum if and only if there exists a nondeterministic
Turing machine which accepts X in time 2°¥, where k is the length of the input. Since the
input is a positive integer n, we have k = [log, n], as usual in computational number theory.
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Let U be a nonempty set. A binary relation R C U? is said to be an
equivalence relation on U if it is reflexive, symmetric, and transitive, i.e., if the
structure (U, R) satisfies (1) A (2) A (3):

(1) Vo Rxx
(2) Vi Vy (Rzy < Ryzx)
(3) Ve VyVz ((Rxy A Ryz) = Rxz)

In this situation, the equivalence classes [alg = {b € U | (a,b) € R}, a € U,
form a partition of U, i.e., a decomposition of the set U into pairwise disjoint,
nonempty subsets.

Let A be the following sentence of the predicate calculus with identity:

(1) A (2) A (3) AV Ty ((mIaxy) AVz (Rez< (TxzV Iyz)))

Intuitively, A says that R is an equivalence relation with the property that each
equivalence class consists of exactly two elements. Obviously, a finite set U
admits an equivalence relation with this property if and only if the cardinality
of U is even. Thus the spectrum of A is the set of even numbers.

Exercises 4.2.4. Prove the following.
1. If X is a finite or cofinite? set of positive integers, then X is a spectrum.
2. The set of even numbers is a spectrum.
3. The set of odd numbers is a spectrum.
4. If r and m are positive integers, {n > 1| n = r mod m} is a spectrum.
5. If X and Y are spectra, X UY and X NY are spectra.

Solution.

1. Let E,, be sentence in the language with only the identity predicate I,
saying that the universe consists of exactly n elements (Exercise 4.1.10).
If X ={ny,...,nk}, then X is the spectrum of F,, V --- V E,,, and the
complement of X is spectrum of = (Ey,, V -+ V E,,).

2. The even numbers are the spectrum of a sentence which says: R is an
equivalence relation on the universe, such that each equivalence class con-
sists of exactly two elements. For more details, see Example 4.2.3.

3. The odd numbers are the spectrum of a sentence which says: R is an equiv-
alence relation on the universe, such that each equivalence class consists
of exactly two elements, except for one equivalence class, which consists
of exactly one element.

4. We may assume that 0 <r < m. If r = 0, the set

2A set of positive integers is said to be cofinite if its complement is finite.
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{n>1:n=0mod m}={n>1:m divides n with no remainder}

is the spectrum of a sentence which says: R is an equivalence relation
on the universe, such that each equivalence class consists of exactly m
elements. If » > 0, the set

{n>1:n=rmod m}={n>1:m divides n with remainder r}

is the spectrum of a sentence which says: R is an equivalence relation
on the universe, such that each equivalence class consists of exactly m
elements, except for one equivalence class, which consists of exactly r
elements.

5. Assume that X is the spectrum of A and Y is the spectrum of B. Then XU
Y is the spectrum of AV B. Also, XNY is the spectrum of A A B, provided
A and B have no predicates in common except the identity predicate.
To arrange for this, replace B by an analogous sentence in a different
language.

Exercise 4.2.5. Prove that, for any sentence A of the predicate calculus with
identity, at least one of spectrum(A) and spectrum(— A) is cofinite. (Hint: Use
part 1 of Theorem 4.1.13.)

Example 4.2.6. We show that the set of composite numbers?® is a spectrum.
Let L be a language consisting of two binary predicates, R and S, as well

as the identity predicate, I. Let A be an L-sentence saying that R and S are

equivalence relations, each with more than one equivalence class, and

YV Vy (3 exactly one z)(Rxz A Syz).

Thus, for any normal L-structure M = (Ups, Ras, Sur, Iyr) satisfying A, we have
that Ry; and Sj; partition Uy into “rows” and “columns”, respectively, in such
a way that the intersection of any “row” with any “column” consists of exactly
one element of Up;. Thus, if Uy is finite, the elements of Uy; are arranged
in an m X n “matrix”, where m,n > 2. Therefore, the number of elements
in Ups is mn, a composite number. Conversely, for any m,n > 2, there is an
L-structure M as above, which satisfies A. Thus spectrum(A) is the set of
composite numbers.

Exercise 4.2.7. Use the result of Exercise 4.1.14 to prove the following:
1. The set of prime numbers and its complement are spectra.
2. The set of squares {1,4,9,...} and its complement are spectra.

3. The set of powers of 2, {2" | n = 1,2,3,...}, and its complement, are
spectra.

3A composite number is an integer greater than 1 which is not prime.
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4. The set of prime powers {p" | p prime, n = 1,2,...} and its complement
are spectra.

Solution. Let Z be as in Exercise 4.1.14 above. For each of the given sets X, we
exhibit a sentence A with the following properties: X is the spectrum of Z A A,
and the complement of X is the spectrum of Z A - A.

1. 3z ((= 3w Rzw) A (= 3z Jy (Rxz A Ryz A Quyz)) A (- Oz)).
2. 3z ((—-Fw Rzw) A Tz Qraz).

w

. 323 ((—=Fw Rzw) A (u (Ou A Suv))
AVz ((= Oz A Fy Qryz) = Jw Quwz)).

W~

. 3z Fv ((—= FJw Rzw) A (- 3z Jy (Rzv A Ryv A Qryv)) A (= Ov)
AVz ((= Oz A Jy Qryz) = Jw Quwx)).
Exercise 4.2.8.

1. The Fibonacci numbers are defined recursively by Fy = 1, Fp, =2, F,, =
F,_1+4 F,_o for n > 3. Show that the set of Fibonacci numbers

{F,|n=1,2,...} ={1,2,3,5,8,13,21,34,55,.. .}
and its complement are spectra.

2. Show that {z¥ | x,y > 2} and its complement are spectra.

Exercise 4.2.9. Let X be asubset of {1,2,3,...}. Prove that if X is a spectrum
then {n? | n € X} is a spectrum.

4.3 Predicate Calculus With Operations

In this section we extend the syntax and semantics of the predicate calculus,
to encompass operations. As examples of operations, we may cite the familiar
mathematical operations of addition (+) and multiplication (x). Such opera-
tions are considered binary, because they take two arguments. More generally,
we consider n-ary operations.

Definition 4.3.1 (languages). A language is a set of predicates P, @, R, ... and
operations f,g,h,.... Each predicate and each operation is designated as n-ary
for some nonnegative* integer n.

Definition 4.3.2 (terms, formulas, sentences). Let L be a language, and let U
be a set. The set of L-U-terms is generated as follows.

1. Each variable is an L-U-term.

4A 0-ary operation is known as a constant. Syntactically, constants behave as parameters.
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2. Each element of U is an L-U-term.

3. If f is an n-ary operation of L, and if ¢,...,t, are L-U-terms, then
fti---t, is an L-U-term.

An L-U-term is said to be variable-free if no variables occur in it. An atomic
L-U-formula is an expression of the form

Pty t,

where P is an m-ary predicate of L, and ty,...,t, are L-U-terms. The set
of L-U-formulas is generated as in clauses 2, 3, 4 and 5 of Definition 2.1.3.
The notions of substitution, free variables, and L-U-sentences are defined as in
Section 2.1. Note that Pt ---t, is a sentence if and only if it is variable-free.

Definition 4.3.3 (structures). An L-structure M consists of a nonempty set
Uy, an n-ary relation Py C (Upr)™ for each n-ary predicate P of L, and an
n-ary function fas : (Up )™ — Ups for each n-ary operation f of L.

Definition 4.3.4 (isomorphism). Two L-structures M and M’ are said to be
isomorphic if there exists an isomorphism of M onto M’, i.e., a one-to-one
correspondence ¢ : Upy = Uy such that:

1. for all n-ary predicates P of L and all n-tuples {(a1,...,a,) € (Um)",
(a1,...,an) € Py if and only if (¢(a1),. .., d(an)) € Pap.

2. for all n-ary operations f of L and all n-tuples (a1,...,an) € (Unm)",

o(fmlar, ... an) = far(dlar), ..., ¢lan)).
Lemma 4.3.5 (valuations). Let M be an L-structure.
1. There is a unique valuation
vy : {t | tis a variable-free L-Up-term} — Upy
defined as follows:

(a) vap(a) =a for all a € Uy

(b) var(fty---tn) = far(oam(t1),...,va(tn)) for all n-ary operations f
of L and all variable-free L-Ujps-terms t1,...,t,.

2. There is a unique valuation
vp : {A| Ais an L-Ups-sentence} — {T,F}
defined as follows. For atomic L-U-sentences, we have

T if <’1)M(t1),...,’UM(tn)> € Py,

UM(Ptl tn) = { F if <UM(t1)7...,’UM(tn)> ¢ PM'

For non-atomic L-Ujs-sentences, vas(A) is defined as in clauses 2 through
8 of Lemma 2.2.4.
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Proof. The proof is as for Lemma 2.2.4. O

Definition 4.3.6 (tableau method). The signed and unsigned tableau methods
carry over to predicate calculus with operations. We modify the tableau rules
as follows.

Signed:
TVz A Faz A
| |
T Alz/t] F Alz/t]
where t is a variable-free term
T3dz A Fvz A
| |
T Alz/a) F Alz/a]
where a is a new parameter
Unsigned:
Vo A —dzr A
|
Alx/t] - Alz/t]

where t is a variable-free term

dz A Vo A

| |
Alx/a) - Alz/a)

where a is a new parameter
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Remark 4.3.7 (soundness and completeness). With the tableau rules as above,
the Soundness Theorem 2.3.13 carries over unchanged to the context of predicate
calculus with operations. The results of Section 2.4 on logical equivalence also
carry over. The notion of U-repleteness (Definition 2.5.2) is modified to say
that, for example, if S contains Va A then S contains A[z/t] for all variable-free
L-U-terms t. The conclusion of Hintikka’s Lemma 2.5.3 is modified to say that
S is satisfiable in the domain of variable-free L-U-terms. The conclusion of the
Completeness Theorem 2.5.5 is modified to say that X1, ..., X is satisfiable in
the domain of variable-free L-V-terms. The Compactness Theorems 2.6.1 and
2.6.2 carry over unchanged.

Remark 4.3.8 (satisfiability in a domain). The notion of satisfiability in a
domain carries over unchanged to the context of predicate calculus with op-
erations. Theorems 2.2.6 and 2.2.11 on isomorphism, and Theorem 2.7.1 on
satisfiability in infinite domains, also carry over. Theorem 2.7.3 carries over in
an appropriately modified form. See Theorem 4.3.9 and Exercise 4.3.10 below.

Theorem 4.3.9. Let M and M’ be L-structures. Assume that ¢ : Upy — Upp
is an onto mapping such that conditions 1 and 2 of Definition 4.3.4 hold. Then
as in Theorem 2.2.6 we have vy (A) = vy (A”) for all L-Ups-sentences A, where
A" = Alai/P(ar),...,ax/@d(ax)]. In particular, M and M’ satisfy the same
L-sentences.

Proof. The proof is similar to that of Theorem 2.7.3. O

Exercise 4.3.10. Use Theorem 4.3.9 to show that Corollary 2.7.4 carries over
to the context of predicate calculus with operations.

Remark 4.3.11 (companions and proof systems). In our notion of companion
(Definition 3.2.3), clauses (1) and (4) are modified as follows:

(1) (Vz B) = Blz/{]
(4) Blz/t]= (3z B)

where ¢ is any variable-free term. In our Hilbert-style proof system LH, the
instantiation rules are modified as follows:

(a) (Vx B)= B[z/t] (universal instantiation)
(b) Blz/t]= (3x B) (existential instantiation)

where t is any variable-free term. Also, our Gentzen-style proof system LG is
modified in accordance with the modified tableau rules. With these changes,
the soundness and completeness of LG and LH carry over.

Exercise 4.3.12 (the Interpolation Theorem). Strengthen the Interpolation
Theorem 3.5.1 to say that each operation, predicate and parameter occurring in
I occurs in both A and B. (Hint: The version with operations can be deduced
from the version without operations.)

Exercise 4.3.13. Skolemization.
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4.4 Predicate Calculus with Identity and Oper-
ations

Remark 4.4.1 (predicate calculus with identity and operations). We augment
the identity axioms (Definition 4.1.2) as follows:

5. For each n-ary operation f of L, we have an axiom
Vay - Vo, Yy - Yy ((Tzagn A - Aazpyn) = Tfxy -z fyr---yn).

The notions of normal structure and normal satisfiability are defined as before.
The results of Section 4.1 on the predicate calculus with identity carry over
unchanged to the predicate calculus with identity and operations. See also
Exercise 4.4.2 below.

Exercise 4.4.2 (elimination of operations). Let L be a language with identity
and operations. Let L° be the language with identity and without operations,
obtained by replacing each n-ary operation f belonging to L by a new (n+ 1)-
ary predicate Py belonging to L°. Each normal L-structure M gives rise to a
normal L°-structure M° where

(Pf)M" = {<CL1, s aanab> € (UM)nJrl | fIW(ala ) 7an) = b}
For each n-ary operation f of L, let Gy be the L°-sentence

Vay - Vo, JyVz (lyz < Pray - xy2).

1. Show that to each L-sentence A we may associate an L°-sentence A° such
that, for all L-structures M, M = A if and only if M° = A°.

2. Show that a normal L°-structure satisfies the sentences G¢, f in L, if and
only if it is of the form M? for some L-structure M.

Exercise 4.4.3. Show that the spectrum problem for predicate calculus with
identity and operations is equivalent to the spectrum problem for predicate
calculus with identity and without operations, as previously discussed in Section
4.2. In other words, given a sentence A involving some operations, construct a
sentence A°° involving no operations, such that spectrum(A4) = spectrum(A°°).
(Hint: Use the result of Exercise 4.4.2. Note that A°° will not be the same as
the A° of Exercise 4.4.2.)

Remark 4.4.4 (predicate calculus with equality). The predicate calculus with
identity and operations is well suited for the study of algebraic structures such
as number systems, groups, rings, etc. In such a context, one often writes t; = ¢
instead of Itit2, and one refers to predicate calculus with equality rather than
predicate calculus with identity. In this notation, the equality azioms (i.e., the
identity axioms) read as follows:

Vo (x = ),
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VeVy (z =y ey =),
VeVyVz (z=yAy =2)=z = 2),

Vo1 Vyr - Vo, Yy (1 = g1 A - Az = yn) = (Po1- 20 & Py1 -+ yn)),
for each n-ary predicate P,

Ver Yy - Ve, Yy, (1 =91 A - Az = Yn) = fo1- 2 = fy1- Yn),
for each n-ary operation f .

One also uses customary algebraic notation, e.g., t; +to instead of +t1to, t1 X to
or t1to instead of Xtqto, etc. To avoid ambiguity, parentheses are used.

Examples 4.4.5 (groups and rings). Using predicate calculus with identity
and operations, a group may be viewed as a normal L-structure

G = (Ug, fa,ic,ea,1a).

Here Ug is the underlying set of the group, and L is the language {f,i,e, I},
where f is the group composition law (a binary operation), 4 is group inversion
(a unary operation), e is the group identity element (a 0O-ary operation, i.e., a
constant), and [ is the identity predicate (a binary predicate). We could refer
to L as the language of groups. It is customary to write G instead of Ug, t1 - Lo
or tits instead of ftits, t~' instead of it, 1 instead of e, and t; = t, instead of
Ifltg. Thus

G= (Gu ‘G 7107 1G7:G)

and G is required to satisfy the group azioms, consisting of the identity axioms
for L, plus Vo Vy Vz ((xy)z = z(yz2)), Vz (z7 'z = 2271 = 1), Vo (1z = 21 = x).
Similarly, a ring may be viewed as a normal structure

R= (Ru +R7 ‘Ry T Ry OR7 1R7 :R)

where + and - are binary operations, — is a unary operation, 0 and 1 are
constants, and = is the equality predicate. We could refer to the language
{+,-,—,0,1,=} as the language of rings. R isrequired to satisfy the ring axioms,
consisting of the identity axioms plus VaVyVy (z + (y + 2) = (x + y) + 2),
VeVy(r+y=y+z), Ve (zr+0=2a), Ve (z+ (—x) =0), VaVyVz (- (y-2) =
(- y)-2),Ve(x-1 =12z =2x), VaVyVz(z- (y+ 2) = (x-y) + (z - 2)),
VeVyVz (z+y) - z=(z-2)+ (y-2)), 0# 1.

Exercise 4.4.6. Let G be a group. For a € G write a®™ = a-----a (n times).
Thus a' = a and a"*! = a"-a. We say that G is a torsion group if for all a € G
there exists a positive integer n such that a™ = 1. We say that G is torsion-free
if for all @ € G, if a # 1 then a™ # 1 for all positive integers n.

1. Show that the class of torsion-free groups can be characterized by a set of
sentences. L.e., there is a set of sentences S such that, for all groups G, G
is torsion-free if and only if G |= S.

Solution. Let S = {A,, : n > 2}, where A,, is the sentence
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Vo (z #1=2"#1).
Clearly the groups satisfying S are exactly the torsion-free groups.

2. Show that the class of torsion-free groups cannot be characterized by a
finite set of sentences.

Solution. Suppose S’ were a finite of sentences such that the groups sat-
isfying S’ are exactly the torsion-free groups. In particular, each sentence
in S’ is a logical consequence of the group axioms plus S = {4, : n > 2}
as above. By the Compactness Theorem, each sentence in S’ is a logical
consequence of the group axioms plus {4, ..., A, } for sufficiently large n.
Since S’ is finite, there is a fixed n such that all of the sentences in S’ are
logical consequences of the group axioms plus {As,..., A,}. Now let G
be a torsion group satisfying {As, ..., A, }. (For example, we may take G
to be the additive group of integers modulo p, where p is a prime number
greater than n.) Then G satisfies S’ yet is not torsion-free, contradicting
our assumption on S’.

3. Show that the class of torsion groups cannot be characterized by a set of
sentences. L.e., there is no set of sentences S with the property that, for
all groups G, G is a torsion group if and only if G = S.

Exercise 4.4.7. Let L be the language of groups. Let S be the set of L-
sentences which are true in all finite groups. Define a pseudo-finite group to be
a group which satisfies S. Note that every finite group is pseudo-finite.

Does there exist an infinite, pseudo-finite group? Prove your answer.

4.5 Many-Sorted Predicate Calculus

Definition 4.5.1 (many-sorted languages). A many-sorted language consists
of

1. a set of sorts o, T, ...,

2. a set of predicates P, (Q, ..., each designated as n-ary of type (o1,...,04,)

for some nonnegative integer n and sorts o1, ..., 0y,
3. aset of operations f, g, .. ., each designated as n-ary of type (o1, ...,0,,T)
for some nonnegative integer n and sorts oy, ...,0,,T.

Definition 4.5.2 (terms, formulas, sentences). Let L be a many-sorted lan-
guage. For each sort o, we assume a fixed, countably infinite set of variables
of sort o, denoted x7,y?,2%,.... Let U = (U?,U",...) consist of a set U? for
each sort o of L. The L-U-terms are generated as follows.

1. Each variable of sort ¢ is a term of sort o.
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2. Each element of U7 is a term of sort o.

3. If f is an n-ary operaton of type (o1,...,0p,7), and if t1, ..., t, are terms
of sort o1, ..., 0, respectively, then ft;...t, is a term of sort 7.

An atomic L-U-formula is an expression of the form Pty ...t,, where P is an
n-ary predicate of type (o1,...,0,), and t1,...,¢, are terms of sort o1,...,0p,
respectively. The L-U-formulas are generated as in Definition 2.1.3, with clause
5 modified as follows:

5. If 27 is a variable of sort o, and if A is an L-U-formula, then Vz? A and
dx? A are L-U-formulas.

Our notions of substitution, free and bound variables, sentences, etc., are ex-
tended in the obvious way to the many-sorted context. Naturally, the substitu-
tion A[xz?/t] makes sense only when ¢ is a term of sort . An L-formula is an
L-U-formula where U, = ) for each sort o.

Definition 4.5.3 (many-sorted structures). An L-structure M consists of
1. a nonempty set Ug, for each sort o of L,

2. an n-ary relation Py C Uy} x --- x Uyp for each n-ary predicate P of
type (o1,...,0,) belonging to L,

3. an n-ary function fy : UJ} x --- x Uyp — UJ; for each n-ary operation f

of type (o1, ...,0n,7) belonging to L.

Notions such as isomorphism, valuation, truth, satisfiability, and results such
as Theorem 2.2.6 on isomorphism, and Theorem 4.3.9 on onto mappings, carry
over to the many-sorted context in the obvious way.

Definition 4.5.4 (many-sorted domains). We define a domain or universe for
L to be an indexed family of nonempty sets U = (U, U7, ...), where o, 7,... are
the sorts of L. In this way, the notion of satisfiability in a domain generalizes
to the many-sorted context.

Remark 4.5.5 (tableau method, proof systems). For each sort o of L, fix a
countably infinite set V7 = {a?,b%, ...}, the set of parameters of sort o. Then
the tableau method carries over in the obvious way, generalizing Remark 4.3.7.
In the Completeness Theorem for the tableau method, we obtain satisfiability
in the domain U = (U?,U7,...), where U’ is the set of variable-free L-V-terms
of sort o, with V- = (V7, V7 ...). The soundness and completeness of our proof
systems LH and LG and the Interpolation Theorem also carry over, just as in
Section 4.3.

Remark 4.5.6 (identity predicates). For each sort o of L, L may or may not
contain a binary predicate I of type (o, o) designated as the identity predicate
for 0. As identity azioms we may take the universal closures of all L-formulas
of the form
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Va7 Yy (I7ay = (A< Alz/y]))

where A is atomic. An L-structure M is said to be normal if I, = {(a,a) | a €
Ug,} for all o such that I? belongs to L. The results of Section 4.1 concerning
normal satisfiability carry over to the many-sorted context.

Definition 4.5.7 (languages with identity). A many-sorted language with iden-
tity is a many-sorted language which contains an identity predicate for each sort.

Remark 4.5.8 (many-sorted spectrum problem). Let L be a many-sorted lan-
guage with identity. If A is an L-sentence and o1, ..., 0y are the sorts occurring
in A, the spectrum of A is the set of k-tuples of positive integers (nq,...,ng)
such that there exists a normal L-structure M with Uy} of cardinality n;, for
1 = 1,..., k. In this way, the spectrum problem carries over to many-sorted
predicate calculus. So far as I know, the problem of characterizing many-sorted
spectra has not been investigated thoroughly.

Remark 4.5.9 (many-sorted Lowenheim/Skolem theorems). It is natural to try
to generalize the Lowenheim/Skolem Theorem 4.1.13 to many-sorted predicate
calculus. This is straightforward provided we consider only normal structures
M where all of the domains Uy, Uj,,... are of the same infinite cardinality.
However, if we require U, Uj,, ... to be of specified distinct cardinalities, then
this leads to difficult issues. Even for two sorts, the topic of so-called two-
cardinal theorems turns out to be rather delicate and complicated. See for
example the model theory textbook of Marker [2].

Remark 4.5.10. Our reasons for including many-sorted predicate calculus in
this course are as follows:

1. it is more useful ....
FIXME

Remark 4.5.11 (one-sorted languages). A language or structure is said to
be one-sorted if it has only one sort. This term is used for contrast with the
many-sorted generalization which we are considering in this section. Generally
speaking, one-sorted logic tends to be a little simpler than many-sorted logic.
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Chapter 5

Theories, Models,
Definability

5.1 Theories and Models

Definition 5.1.1. A theory T consists of a language L, called the language of
T, together with a set of L-sentences called the azioms of T. Thus T' = (L, 5),
where L is the language of T, and S is the set of axioms of T'.

Definition 5.1.2. Let T'= (L, S) be a theory.

1.

5.

A model of T is an L-structure M such that M satisfies S. If L contains
identity predicates, then M is required to be normal with respect to these
predicates.

A theorem of T is an L-sentence A such that A is true in all models of
T, i.e., Ais a logical consequence of the axioms of T. Equivalently, A is
derivable in LH (S U {identity axioms for L}).

If A is a theorem of T', we denote this by T+ A.
T is finitely axiomatized if S is finite.

Two theories are equivalent if they have the same language and the same
theorems. L.e., they have the same language and the same models.

T is finitely axiomatizable if it is equivalent to a finitely axiomatized theory.

Definition 5.1.3 (consistency, categoricity, completeness). Let T' = (L, S) be
a theory.

1.

T is consistent if there exists at least one model of T. Equivalently, T is
consistent if and only if there is no L-sentence A such that both T+ A
and T + = A. Equivalently, T is consistent if and only if there exists an
L-sentence A such that Tt/ A.
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2. T is categorical if T is consistent and all models of T' are isomorphic.

3. T is complete if T is consistent and all models of T" are elementarily equiv-
alent. Equivalently, T is complete if and only if for all L-sentences A either
TF Aor Tk = A but not both.

Remark 5.1.4. Our formal notion of theory, as defined above, is intended as a
precise explication of the informal notion of “deductive scientific theory”. The
language of T is the vocabulary of our theory. The theorems of T are the
assertions of our theory. The axioms of T" are the basic assertions, from which
all others are deduced. Consistency of T' means that our theory is free of internal
contradictions. Categoricity of T'means that our theory is fully successful in that
it fully captures the structure of the underlying reality described by the theory.
Completeness of T' means that our theory is sufficiently successful to decide the
truth values of all statements expressible in the language of the theory.

Remark 5.1.5 (mathematical theories, foundational theories). Later in this
chapter we shall present several interesting examples of theories. Loosely speak-
ing, the examples are of two kinds.

The first kind consists of mathematical theories. By a mathematical theory
we mean a theory which is introduced in order to describe a certain class of
mathematical structures. See Section 5.2. Since the class is diverse, the the-
ory is typically not intended to be complete. Nevertheless we shall see that,
remarkably, several of these mathematical theories turn out to be complete.

The second kind consists of foundational theories, i.e., theories which are
introduced in order to serve as a general axiomatic foundation for all of mathe-
matics, or at least a large part of it. See Sections 5.5 and 5.6. Each such theory
is intended to fully describe a specific, foundationally important model, known
as the intended model of the theory. Although such theories are intended to
be complete, we shall see in Chapter 6 that, regrettably, most of these theories
turn out to be incomplete.

One way to show that a theory is complete is to show that it is categorical.

Theorem 5.1.6. If T is categorical, then (1) T is complete, and (2) the language
of T is a language with identity.

Proof. Assume that T is categorical. Then any two models of T' are isomorphic.
Hence by Theorem 2.2.6 (see also Definition 4.5.3), any two models of T' are
elementarily equivalent. Hence T is complete. Also, by Theorem 2.7.3 (see also
Theorem 4.3.9 and Definition 4.5.3), T' contains an identity predicate for each
sort in the language of T'. ([

On the other hand, we have:

Exercise 5.1.7. Let T be a complete theory in a language with identity. Let
M be a model of T

1. In the one-sorted case, show that T is categorical if and only if the universe
Uy is finite.
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2. In the many-sorted case with sorts o, 7, ..., show that T is categorical if
and only if each of the universes Ug;, Uj,, ... is finite.

Solution. If one of the universes U§; is infinite, we can use the Lowenheim/Skolem
Theorem 4.1.13 to blow it up to an arbitrarily large uncountable cardinality.

Remark 5.1.8. Theorem 5.1.6 and Exercise 5.1.7 show that we cannot use
categoricity as a test for completeness, except in very special circumstances. A
similar but more useful test is provided by the following theorem.

Definition 5.1.9. Let x be an infinite cardinal number. A one-sorted theory
T is said to be k-categorical if all models of T of cardinality x are isomorphic.

Theorem 5.1.10 (Vaught’s Test). Let T be a one-sorted theory. Assume that
(a) T is consistent, (b) all models of T" are infinite, and (c) there exists an infinite
cardinal kK > the cardinality of the language of T" such that T is k-categorical.
Then T is complete.

Proof. Suppose T is not complete. Since T is consistent, there exist M; and
M5 which are models of T' and not elementarily equivalent. By assumption (b),
M, and Ms are infinite. Let x be an infinite cardinal > the cardinality of the
language of T'. By the Lowenheim/Skolem Theorem 4.1.13, there exist models
M, M}, of cardinality x elementarily equivalent to M;, Ms respectively. Clearly
M, M}, are not elementarily equivalent. Hence, by Theorem 2.2.6, M] and M}
are not isomorphic. This contradicts assumption (c). (]

Exercise 5.1.11. Generalize Vaught’s Test to many-sorted theories.

5.2 Mathematical Theories

In this section we give several examples of theories suggested by abstract algebra
and other specific mathematical topics. We point out that several of these
mathematical theories are complete.

Example 5.2.1 (groups). The language of groups consists of a binary operation
- (multiplication), a unary operation ~! (inverse), a constant 1 (the identity
element), and a binary predicate = (equality). The theory of groups consists of
the equality axioms plus

VeVyVz(z- (y-2) = (x-y) - z) (associativity),
Vo (r- -zt =271 2 =1) (inverses),

Ve (x-1=1-2z =) (identity).

A group is a model of the theory of groups. A group is said to be Abelian if it
satisfies the additional axiom

VeVy (z -y =y - ) (commutativity).
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A torsion group is a group G such that for all a € G there exists a positive
integer n such that a™ = 1. A group G is torsion-free if for all a € G, if a # 1
then a™ # 1 for all positive integers n. Note that G is torsion-free if and only if
it satisfies the axioms Va (¢ = 1=z = 1) for n = 2,3,.... A group is said to
be divisible if it satisfies the axioms Vz Jy (y™ = z), for n = 2,3,....

Exercise 5.2.2. Show that the theory of torsion-free Abelian groups is not
finitely axiomatizable. Deduce that the theory of torsion-free groups is not
finitely axiomatizable.

Solution. Suppose that the theory of torsion-free Abelian groups were finitely
axiomatizable. By Compactness, the axioms would be logical consequences
of the Abelian group axioms plus finitely many axioms of the form Vz (z =
1=x=1),sayn=1,..., k. Letpbe a prime number greater than k. Then the
additive group of integers modulo p satisfies these axioms but is not torsion-free.
This is a contradiction.

If the theory of torsion-free groups were finitely axiomatizable, then the
theory of torsion-free Abelian groups would also be finitely axiomatizable, by
adjoining the single axiom VaVy (z -y =y - x).

Exercise 5.2.3. Show that there exist Abelian groups G; and G2 such that
(G1 is a torsion group, G is elementarily equivalent to Gs, yet G2 is not a
torsion group. Deduce that there is no theory in the language of groups whose
models are precisely the Abelian torsion groups. Hence, there is no theory in
the language of groups whose models are precisely the torsion groups.

Solution. Let G1 be a torsion group with elements of arbitrarily large finite
order. (For example, we could take G to be the additive group of rational
numbers modulo 1.) Let L be the language of groups, and let S be the set
of all L-sentences true in Gy. Let L* = L U {c} where ¢ is a new constant,
and let S* = SU{c" # 1| n =1,2,...}. By choosing ¢ € G appropriately,
we see that any finite subset of S* is normally satisfiable. By the Compactness
Theorem for normal satisfiability (Corollary 4.1.9), it follows that S* is normally
satisfiable, so let (G2, ¢) be a model of S*. Then G5 is an Abelian group which is
elementarily equivalent to G; yet contains an element c¢ of infinite order, hence
is not a torsion group.

If T were an L-theory whose models are just the Abelian torsion groups,
then G; would be a model of T but G would not, contradicting the fact that
G1 and G are elementarily equivalent.

If T were an L-theory whose models are just the torsion groups, then 7"U
{VaVy(z-y=y-x)} would be an L-theory whose models are just the Abelian
torsion groups.

Remark 5.2.4. Let DAGq be the theory of infinite torsion-free divisible Abelian
groups. It can be shown that DAGy is k-categorical for all uncountable cardinals
. (This is because such groups may be viewed as vector spaces over the rational
field, Q.) It follows by Vaught’s Test that DAGy is complete.
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Example 5.2.5 (linear orderings). The language of linear orderings consists
of a binary predicate < plus the equality predicate =. The axioms for lin-
ear orderings are Ve VyVz ((r < yAy < z)=z < z), and Vz (—-z < z), and
VeVy(x <yVa=yVaz>y). A linear ordering is a model of these axioms.

A linear ordering is said to be nontrivial if it satisfies Jx Jy (v < y). It is
said to be dense if it is nontrivial and satisfies Vo Vy (z < y= 3z (z < 2z < y)).
It is said to be without end points if it satisfies Vz Jy (y < z) and Vo Iy (y > ).
It is said to with end points if it satisfies 3x -3y (y < z) and Jr -~ Jy (y > ).
An example of a dense linear ordering without end points is (Q, <), where Q is
the set of rational numbers, and < is the usual ordering of Q.

Remark 5.2.6. It can be shown that, up to isomorphism, (Q, <) is the unique
countable dense linear ordering without end points. (This is proved by a back-
and-forth argument.) Hence, if we let DLO be the theory of dense linear ordering
without end points, DLO is Xg-categorical. It follows by Vaught’s Test that DLO
is complete.

Example 5.2.7 (graphs). The language of graphs consists of a binary predicate,
R, plus the equality predicate, =. The theory of graphs consists of the equality
axioms plus Va Vy (Rxy < Ryx) and Va — Rxxz. A graph is a model of the theory
of graphs.

Thus a graph is essentially an ordered pair G = (Vg, Rg), where Vg is a
nonempty set and Rg is a symmetric, irreflexive relation on V. The elements
of Vi are called vertices. Two vertices a,b € Vg are said to be adjacent if
(a,b) € Rg. A path from a to b is a finite sequence of pairwise distinct vertices
a = vg,v1,...,0, = b such that a = vy is adjacent to v1, vy is adjacent to vs,

.., Un—1 is adjacent to v, = b. G is said to be connected if for all a,b € Vg
there exists a path from a to b. Equivalently, G is connected if and only if, for
all partitions of Vi into two disjoint nonempty sets X and Y, there exist a € X
and b € Y such that a and b are adjacent.

Exercise 5.2.8. Show that there exist graphs G; and G, such that G; is
connected, (1 is elementarily equivalent to Gs, yet G is not connected. Deduce
that there is no theory 7' in the language of graphs such that the models of T
are exactly the connected graphs.

Solution. If a and b are two vertices in a graph, we define d(a,b), the distance
from a to b, to be the smallest length of a path from a to b, or oo if there is no
such path. Let (G; be a graph which is connected yet contains pairs of vertices
which are at distance n for arbitrarily large n. (For example, we may take
G1 = (N, Ry) where Ry = {{(n,n+1),(n+1,n) | n € N}.) Let L = {R,=} be
the language of graphs, and let S be the set of L-sentences satisfied by G1. Let
L* = LU{a, b} where a, b are new constants, and let S* = SU{A4,, | n=1,2,...}
where A,, is an L*-sentence saying that there is no path of length n from a to
b. By choosing a,b € G; appropriately, we see that all finite subsets of S*
are normally satisfiable. Hence by the Compactness Theorem S* is normally
satisfiable, so let (Ga,a,b) be a model of S*. Then G, is a graph which is
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elementarily equivalent to G, yet a,b € G are such that d(a,b) = oo, hence
G2 is not connected.

If there were an L-theory T" whose models are exactly the connected graphs,
then GG; would be a model of T' but G5 would not, contradicting the fact that
G1 and G are elementarily equivalent.

Exercise 5.2.9. A graph G is said to be random if for all finite sets of distinct
vertices ai,...,am,b1,...,b, there exists a vertex ¢ such that c is adjacent
to ai,...,a, and not adjacent to by,...,b,. Show that the theory of random
graphs is Ng-categorical. It follows by Vaught’s Test that this theory is complete.

Solution. Let G and G’ be two random graphs of cardinality W, say G = {ay, |
k € N} and G’ = {a}, | k € N}. We use a back-and-forth argument to construct
an isomorphism of G onto G’. At stage n of the construction, we have a finite
partial isomorphism, f,, which maps a finite subset of G isomorphically onto a
finite subset of G’. Start with fo = (). Suppose we have already constructed f,,.
To construct f,+1, consider two cases. If n is even, let k, be the least k such
that ax ¢ dom(f,), and put ¢ = ay,. By randomness of G, find ¢ € G’ such
that for all a € dom(f,), ¢ is adjacent to f,(a) if and only if ¢ is adjacent to
a. If n is odd, let k, be the least k such that aj ¢ ran(f,), and put ¢’ = a;, .
By randomness of G, find ¢ € G such that for all a € dom(f,), ¢ is adjacent to
a if and only if ¢ is adjacent to f,(a). In either case, let f, 11 = fn U {(c,¢)}.
Finally, by construction, f = (J,—, f» is an isomorphism of G onto G'.

Example 5.2.10 (rings). The language of rings consists of binary operations
+ and - (addition and multiplication), a unary operation — (subtraction), con-
stants 0 and 1 (the additive and multiplicative identity elements), and a binary
predicate = (equality). The theory of rings consists of the equality axioms plus

VeVyVz (z+ (y +2) = (z +y) + 2),

VaeVy(z+y=y+z),

vV (z+ (—z) =0),

Vo (x +0 = x),

VeVyVz(z-(y-2) = (z-y)-2),

VeVyVz (x - (y+2) = (x-y)+ (z - 2)) (left distributivity),
VaeVyVz ((x+vy)-z=(x-2)+ (y-2)) (right distributivity),
Ve(z-1=1-z=uz),

Ve (z-0=0-2=0),

0#1.

A ring is a model of the theory of rings. A ring is said to be commutative if it
satisfies the additional axiom
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VeVy (z-y=y-x).
An example of a commutative ring is the ring of integers,
zZ={...,-2,-1,0,1,2,...}.
An example of a non-commutative ring is the ring of 2 x 2 matrices.

Example 5.2.11 (fields). A field is a commutative ring satisfying the additional
axiom

Ve(x #0=Jy(z-y=1)).

A field is said to be of characteristic 0 if it satisfies
1+--+1#0
—_———

n

for all positive integers n. Familiar fields such as the field of rational numbers,

Q, the field of real numbers, R, and the field of complex numbers, C, are of

characteristic 0. It can be shown that if a field satisfies 1 + --- + 1 = 0 for some
~——

positive integer n, then the least such n is a prime number, Z In this case, our
field is said to be of characteristic p. An example of a field of characteristic p
is the ring of integers modulo p.

A field F is said to be algebraically closed if for all nontrivial polynomials
f(z2) = anz"+ - 4+ a1z + ag, an,...,a1,a0 € F, a, # 0, n > 1, there exists
z € F such that f(z) = 0. It is known that the complex field C is algebraically
closed. (This theorem is known as the Fundamental Theorem of Algebra.) Note
that a field is algebraically closed if and only if it satisfies the axioms

Voo Vzy - Vo, (z, #0=32 (xp2" + - + 312 + 10 = 0))
forn=1,2,3,....

Exercise 5.2.12. Show that the theory of fields of characteristic 0 is not finitely
axiomatizable. Show that the theory ACF of algebraically closed fields is not
finitely axiomatizable. Show that the theory ACF of algebraically closed fields
of characteristic 0 is not finitely axiomatizable.

Solution. Suppose that the theory of fields of characteristic 0 were finitely

axiomatizable. By Compactness, the axioms would be logical consequences of

the field axioms plus finitely many axioms of the form 1+---+1 # 0, say
~—_———

n=1,...,k. Let p be a prime number greater than k. The 7Eield of integers
modulo p satisfies these axioms but is not of characteristic 0, a contradiction.

Suppose ACF or ACFy were finitely axiomatizable. By Compactness, the
axioms would be logical consequences of the field axioms plus finitely many of
the ACF(y axioms as presented in Example 5.2.11 above. But, for any finite
subset of the ACFy axioms, we can construct a field which satisfies these axioms
yet is not algebraically closed. (The construction of such a field is perhaps
somewhat delicate.) This gives a contradiction.
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Exercise 5.2.13. Let L be the language of rings. Let S be the set of L-sentences
which are true in the ring of integers modulo p for all but finitely many prime
numbers p. Does there exist a field of characteristic 0 satisfying S?7 Prove your
answer.

Solution. The answer is yes. Note first that, for each prime p, the ring of

integers modulo p is actually a field. Hence S includes the field axioms. Let

So=SU{l+---4+1#0]|n=12,...}. Any finite subset of Sy is normally
—_————

satisfiable, e.g., 7iln the integers modulo p for all sufficiently large primes p. By
the Compactness Theorem for normal satisfiability (Corollary 4.1.9), it follows
that Sy is normally satisfiable. The normal structures which satisfy Sy are fields
of characteristic 0 satisfying S.

Remark 5.2.14. Let ACF( be the theory of algebraically closed fields of char-
acteristic 0. For each prime number p, let ACF, be the theory of algebraically
closed fields of characteristic p. It can be shown that the theories ACFy and
ACF, are k-categorical for all uncountable cardinals . It follows by Vaught’s
Test that these theories are complete.

Example 5.2.15 (vector spaces). The language of vector spaces is a 2-sorted
language with sorts ¢ and 7, denoting scalars and vectors respectively. For the
scalars we have binary operations + and - of type (o, 0,0), a unary operation —
of type (o, 0), constants 0 and 1 of type o, and an equality predicate = of type
(0,0). For the vectors we have a binary operation + of type (7,7, 7), a unary
operation — of type (7,7), a constant 0 of type 7, and an equality predicate =
of type (7, 7). In addition we have a binary operation - of “mixed” type (o, 7, 7),
denoting scalar multiplication.

The theory of vector spaces consists of the field axioms for scalars, the
Abelian group axioms for vectors, and the axioms

V2o TV (2 - (v + w) = (z-v) + (2 - w)),
V2oV (2 - (—v) = —(z - v)),

Va7 (z - 07 = 0),

Vo Vyo Yo ((x +y) - v = (z-v) + (y - v)),
VoV ((—x) - v = —(z - v)),

Voo VYT T (- y) v =a (y-v)),

for scalar multiplication. A wvector space is a model of these axioms.
If V' is a vector space, a set of vectors S in V is said to span V if every
vector v in V' can be written as a linear combination of vectors in S, i.e., v =
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a1-v1+---+an-v, for somewv,...,v, € S and scalars aq, ..., a,. An important
invariant of a vector space is its dimension, i.e., the minimum cardinality of a
spanning set. It can be shown that, up to isomorphism over a field F', the
unique vector space over I' of dimension « is the familiar space ,_, F. Here
the vectors are sequences (a; | i < k), with a; € F for all ¢, and a; = 0 for all
but finitely many i. Vector addition is given by

(a; | i< kK)+ (b |i<k)={ai+b|i<r),
and scalar multiplication is given by
c-{a; |i<k)y={(c-a;li<k).

Example 5.2.16 (ordered algebraic structures). The language of ordered rings
consists of the language of rings +,-, —,0, 1, =, together with <. The ordered
field axioms consist of the field axioms, plus the linear ordering axioms, plus

VeVyVz (z<ysxz+z<y+z2),
VeVy (x> 0Ay>0)=x-y>0).

An ordered field is a model of these axioms. An example of an ordered field is
the field of rational numbers (Q, <) with its usual ordering.

An ordered field (F, <) is said to be real-closed if for all polynomials f(z) =
anx™ + -+ a1z + aog, ap,...,a1,a0 € F, and for all b,c € F, if f(b) <0< f(c)
then there exists © € F between b and ¢ such that f(z) = 0. Clearly the
ordered field of real numbers (R, <) is real-closed. Note that an ordered field is
real-closed if and only if it satisfies the axioms

Yu Vo Ywg Vw, - - - Vw,
((u<v Awpu™+ - +wu+wy <0< w,v"™ 4+ -+ wv + wy)
=3z (u<z<vAw,x"+ -+ wx+wy=0))

forn=1,2,3,....

Remark 5.2.17 (elimination of quantifiers). Let RCOF be the theory of real-
closed ordered fields. A famous and important theorem of Tarski says that
RCOF is complete. This holds despite the fact that RCOF is not k-categorical
for any k.

Tarski’s method of proof is as follows. A theory T = (L, S) is said to admit
elimination of quantifiers if for all L-formulas A there exists a quantifier-free L-
formula A* such that 7" - the universal closure of A< A*. Tarski uses algebraic
methods to show that the theory RCOF admits elimination of quantifiers. For
example, the formula 3z (ax? + bx + ¢ = 0) is equivalent over RCOF to the
quantifier-free formula (a =b=c=0)V (a =0 # b) V (a # 0 < b? — 4dac).

As a special case of quantifier elimination, we have that each sentence in
the language of RCOF is equivalent over RCOF to a quantifier-free sentence. On
the other hand, it is evident that the quantifier-free sentences of the language
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of RCOF are of a very simple nature, e.g., 1+ 0=1A(1-1)+1<1+1+1.
Since the truth values of such sentences are decided by the axioms of RCOF, it
follows that RCOF is complete.

Exercise 5.2.18. Which of the following theories are complete? Justify your
answers.

1.
2.
3.
4.
o.

The theory of dense linear orderings with end points.

The theory of fields of characteristic 0.

The theory of infinite, torsion-free, Abelian groups.

The theory of finite-dimensional vector spaces over a field of 5 elements.

The theory of infinite-dimensional vector spaces over a field of 5 elements.

Solution.

1.

As noted in Remark 5.2.6, the theory of dense linear orderings without end
points is Ng-categorical. It follows immediately that the theory of dense
linear orderings with end points is Ng-categorical. Hence, by Vaught’s
Test, each of these theories is complete.

The fields Q, R, and C are of characteristic 0, yet they are not elementarily
equivalent, as can be seen by considering the sentences 3z (x -2z =1+ 1)
and 3z (z - z = —1). Therefore, the theory of fields of characteristic 0 is
incomplete.

The additive groups of Z and Q are infinite, Abelian, and torsion-free,
yet they are not elementary equivalent, as can be seen by considering
the sentence 3x (x + 2 = 1). Therefore, the theory of infinite, Abelian,
torsion-free groups is incomplete.

The vector spaces of dimension n = 0,1,2,... over a particular finite
field F' are not elementarily equivalent, because they have different finite
cardinalities 1,q,¢?,... where ¢ is the cardinality of F. Therefore, the
theory of finite-dimensional vector spaces over F' is incomplete.

As noted in Example 5.2.15, any two vector spaces over the same field of
the same dimension are isomorphic. On the other hand, for any infinite
cardinal number k, any vector space of cardinality x over a finite field
is of dimension k. Combining these facts, we see that for any particular
finite field F', the theory Tr of infinite-dimensional vector spaces over F'
is k-categorical. Hence, by Vaught’s Test, T is complete.
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5.3 Definability over a Model

Definition 5.3.1 (explicit definability). Let L be a language, let M be an L-
structure, and let R be an n-ary relation on Uy;. We say that R is explicitly
definable over M, or just definable over M, if there exists an L-formula D with
n free variables x1, ..., x, such that

R={{a1,...,an) | M |E D[z1/a1,...,xn/an]}.

Example 5.3.2. Consider the binary relation < = {(a,b) € R? | a < b} on
the set R of real numbers. Viewing R as a commutative ring, we see that for
all a,b € R, a < bif and only if R = Jz(z # 0 A a+ 2? = b). Thus < is
explicitly definable over the commutative ring R = (R,+,—,-,0,1,=) by the
formula 3z (z # 0 A x + 22 = y) with free variables x,y.

On the other hand, in view of Tarski’s theorem on elimination of quantifiers
for RCOF (see Remark 5.2.17), any subset of R which is definable over R consists
of a union of finitely many points and intervals. From this it follows that, for
example, the set of integers is not definable over R.

Example 5.3.3. Let N = (N, +,-,0,1, <,=) be the natural number system. It
can be shown that the class of relations which are explicitly definable over N
includes all relations which are computable in the sense of Turing. In particular,
the 3-ary relation {(m,n, k) € N® | m = n*} is definable over N, as we now show.

Theorem 5.3.4. The exponential function (n, k) — n* is explicitly definable
over the natural number system.

Proof. The proof uses some number-theoretic lemmas, as follows.

Lemma 5.3.5 (the Chinese Remainder Theorem). Let my, ..., my be pairwise
relatively prime. Given ry,...,7%, we can find r such that r = r; mod m; for
alli=1,... k.

Proof. We omit the proof of this well-known result. O

Lemma 5.3.6. For each k£ € N we can find infinitely many a € N such that the
integers a + 1,2a+ 1,...,ka + 1 are pairwise relatively prime.

Proof. Let a be any multiple of k!. Suppose p is a prime number which divides
both ai + 1 and aj + 1 where 1 < i < j < k. Since p divides ai + 1 and a is
a multiple of k!, we clearly have p > k. On the other hand, p divides a(j — ),
and j — i < k, hence p divides a, a contradiction since p divides ai + 1. (I

Definition 5.3.7 (Godel’s beta-function). We define 8(a,r,i) = the remainder
of r upon division by a-(i+1)+1. Note that the S-function is explicitly definable
over the natural number system.

Lemma 5.3.8. Given a finite sequence of natural numbers ng,n1,...,ng, we
can find natural numbers a, r such that 8(a,r,i) =n; for all : = 0,1, ... k.
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Proof. Let a > max{n; | i < k} be such that a- (i + 1) + 1, ¢ < k, are pairwise
relatively prime. By the Chinese Remainder Theorem, we can find r such that
r=mn;,moda-(i+1)+1foralli <k Since0<n;<a<a-(G+1)+1,it
follows that B(a,r, i) = n;. O

Now, to prove Theorem 5.3.4, note that m = n* holds if and only if Ja3r
(B(a,r,0) =1AB(a,r, k) =mAVi(i < k= B(a,r,i) -n=p(a,ri+1))). O

Exercise 5.3.9. Let p,, be the nth prime number. Thus py = 2, p1 = 3, ps = 5,
p3 =7, ps = 11, etc. Show that the function k — pj is explicitly definable over
the natural number system N. (This means, show that the binary relation
{(k,pr) | k € N} is explicitly definable over N.)

Solution. Let A be a formula expressing that x is prime, for example
l<zA-Fuvwu<zAv<zAu-v=zx).
We then have py, = n if and only if Ja3r (B A C), where B is
Bla,r k) =nAVi(i < k= B(a,ri) < Bla,r,i+ 1))
and C' is
Ve(z <n=(A<3i(E < kAB(a,ri) =1x))).
We now turn to implicit definability.

Definition 5.3.10 (implicit definability). Let L be a language, let M be an
L-structure, and let R be an n-ary relation on Uy;. We say that R is implicitly
definable over M if there exists a sentence D* in the language L* = L U {R}
with an additional n-ary predicate R, such that for all n-ary relations R’ on
Uy, (M, R’) E D* if and only if R' = R.

Example 5.3.11. Let R = (R, +,—,-,0,1,<,=) be the ordered field of real
numbers. Consider the set of integers, Z C R. As noted above, Z is not
explicitly definable over R. However, Z is implicitly definable over R, by the
following sentence with an additional unary predicate Z:

ZONZIN(m3x(ZzANO <z <1)A(Vz (Zze Z(z+1))).

Example 5.3.12. It can be shown that there exists a subset of N which is
implicitly definable over the natural number system N = (N, +,-,0,1, <, =) but
is not explicitly definable over N. See Remark 6.4.6 and Exercise 6.4.7 below.

Definition 5.3.13 (automorphisms). Let M be a structure. An automorphism
of M is an isomorphism of M onto itself. An n-ary relation R on Uy, is said to
be invariant if

R={(f(a1),..., f(an)) | (a1,...,an) € R}

for all automorphisms f of M.
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Exercise 5.3.14. Let M be a structure. Show that any relation which is ex-
plicitly definable over M is implicitly definable over M. Show that any relation
which is implicitly definable over M is invariant under all automorphisms of
M. Give counterexamples showing that the converses of these assertions fail in
general.

Solution. Let R be an m-ary relation over Ups. If R is explicitly defined over
M by a formula D with free variables x1,...,z,, then R is implicitly defined
over M by the LU{R}-sentence V1 - - Vx, (Rx1 - - - 2, < D). Now suppose R is
implicitly defined over M by an LU{R}-sentence D*. Let f be an automorphism
of M, and put R’ = {(f(a1),...,f(an)) | {a1,...,an) € R}. Then f is an
isomorphism of (M, R) onto (M, R’). Since (M, R) = D*, it follows by Theorem
2.2.6 that (M, R') = D*. Hence R’ = R, i.e., R is invariant under f.

Consider the ordered field R of real numbers. Example 5.3.11 shows that the
subset Z of R is implicitly definable over R but not explicitly definable over R.
Since there are only countably many sentences, only countably many subsets of
R are implicitly definable over R. However, all subsets of R are invariant under
automorphisms of R, inasmuch as R has no automorphisms except the identity.

Exercise 5.3.15. Let R = (R,+,—,-,0,1,<,=) be the ordered field of real
numbers. Show that the relations y = e* and y = sinz are implicitly definable
over R. It can be shown that these relations are not explicitly definable over R.
(Hint: The relations y = e® and y = sinz are implicitly defined by differential
equations which can be expressed as formulas of the predicate calculus, using
the e-d-method.)

Exercise 5.3.16. Show that if Uy, is finite, then any relation which is implicitly
definable over M is explicitly definable over M.

Solution. Let us say that {(a1,...,a,), (b1,...,b,) € (Up)™ are of the same n-
type if (M, aq,...,a,) is elementarily equivalent to (M, by, ...,b,). Thus (Up)"
is partitioned into equivalence classes, the n-types. Since Uy, is finite, there
are only finitely many n-types, and each n-type is explicitly definable over M.
Moreover, by Theorem 2.2.6 and Exercise 4.1.12, the n-types are just the orbits
of (Up)™ under the automorphism group of M. If R C (Up)™ is implicitly
definable over M, then R is invariant under automorphisms of M, hence R is
the union of some of the n-types, hence R is explicitly definable over M.

Exercise 5.3.17. (In this exercise we assume familiarity with saturated mod-
els.) Show that if a structure M is saturated, then any relation which is implic-
itly definable over M is explicitly definable over M.

Exercise 5.3.18. Let G be a group which has infinitely many distinct sub-
groups. Prove that there exists a countable group G’ such that

1. G’ is elementarily equivalent to G, and

2. G’ has a subgroup which is not explicitly definable over G’.
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Solution. Let S be the set of sentences which are true in G. Introduce a
new unary predicate P, and let S’ consist of S plus the sentences P1 and
Vz (Px= Pz~') and Vo Vy ((Px A Py) = P(z-y)) and —~Vz (Pz < D) where D
is any formula with z as its only free variable. Since G has infinitely many
subgroups, each finite subset of S’ is normally satisfiable in G by letting P
be an appropriately chosen subgroup of G. It follows by Compactness plus
Lowenheim/Skolem that we can find a countable normal structure (G', P’) sat-
isfying S’. Then G’ is a countable group which is elementarily equivalent to G,
and P’ is a subgroup of G’ which is not explicitly definable over G’.

Remark 5.3.19. In this section we have considered explicit and implicit de-
finability over a model, M. We have given examples showing that, in general,
implicit definability over M does not imply explicit definability over M.

In Sections 5.4 and 5.8 below, we shall consider the related but more re-
strictive notions of explicit and implicit definability over a theory, T. It will be
obvious that explicit definability over 7T implies explicit definability over any
model of T', and implicit definability over T" implies implicit definability over
any model of T'. A pleasant surprise is that explicit definability over T is equiv-
alent to implicit definability over T'. This is the content of Beth’s Definability
Theorem, Theorem 5.8.2 below.

5.4 Definitional Extensions of Theories

We now show how theories can be usefully extended by adding new predicates
and operations which are explicitly definable in terms of old predicates and op-
erations. This method of extending a theory is known as definitional extension.

In this section we are considering only explicit definitional extensions. Later,
in Section 5.8, we shall consider implicit definitional extensions. It will turn
out that, in principle, an implicit definitional extension of a theory is always
equivalent to an explicit definitional extension of the same theory.

Definition 5.4.1 (defining a new predicate). Let T = (L,S) be a theory,
and let D be an L-formula with free variables zi,...,2z,. Introduce a new
n-ary predicate P, and let 7" = (L', S’) where L' = LU {P} and S’ = S U
{Va1 -+ Vo, (Pz1-- 2o < D)}

Definition 5.4.2 (defining a new operation). Let T'= (L, S) be a theory with
an identity predicate I. Let D be an L-formula with free variables z1,...,xzy,,y
such that

THFVa; - Va, (3 exactly one y) D,

ie.,

TFVzy - Vo, 32Vy (Iyz < D)

where z is a new variable. Introduce a new n-ary operation f, and let 7" =
(L', S") where L' = LU {f} and §' = SU{Va1 --- Vo, Vy (I fz1... 20y < D)}.
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Remark 5.4.3. In Definition 5.4.2 above, we have assumed for simplicity that
T is one-sorted. In case T is many-sorted, we make the obvious modifications.

Namely, letting o1,...,0,,7 be the sorts of the variables x1,...,x,,y respec-
tively, we require that z is a new variable of sort 7, I is an identity predicate of
sort 7, and f is an operation of type (o1,...,05,,7).

Remark 5.4.4. We are going to prove that these extensions of 7" are “trivial” or
“harmless” or “inessential”, in the sense that each formula in the extended lan-
guage LU{P} or LU{f} can be straightforwardly translated into an equivalent
formula of the original language L. See Theorem 5.4.10 below.

Lemma 5.4.5. Let T = (L,S) and T' = (L', S’) be as in Definition 5.4.1 or
5.4.2. Then for all L-sentences A we have T’ A if and only if T+ A.

Proof. Tt suffices to show that, for each model M of T, there exists a model M’
of T" such that M = M'[L, i.e., M is the reduct of M’ to L. In the case of
Definition 5.4.1, let M’ = (M, Pyy/) where

Py ={{a1,...,a,) | M = Dl[z1/a1,...,xn/an]}.

In the case of Definition 5.4.2, let M’ = (M, far) where far(aq,...,a,) = the
unique b such that M = D[z1/a1,...,Zn/an,y/b]. Clearly M’ is as desired. O

Definition 5.4.6 (translation). Let T = (L,S) and 77 = (L', 5’) be as in
Definition 5.4.1 or 5.4.2. To each L’-formula A we associate an L-formula A’,
the translation of A into L. In order to define A’, we first modify D, replacing
the free and bound variables of D by new variables which do not occur in A.
(Compare Definition 2.4.9.) In the case of Definition 5.4.1, where we are adding
a new predicate P, we obtain A’ from A by replacing each atomic formula of
the form Pty ...¢, by Dlx1/t1, ..., 25/ts].

In the case of Definition 5.4.2, where we are adding a new operation f, the
translation is more complicated. For non-atomic A we obtain A’ by induction
on the degree of A, putting (- A) =—-A", (AAB) = A'AB, (Vz A) =Vz A,
etc. For atomic A we obtain A’ by induction on the number of occurrences of f
in A. If there are no occurrences of f in A, let A’ be just A. Otherwise, write
A in the form Blw/ft; ---t,] where w is a new variable and f does not occur
inty,...,t,, and let A’ be

Jw (D[z1/t1, .0 /tn, y/w] A B

or equivalently
Vw (Dl[z1/t1, ..., Tn/tn, y/w] = B’).

Lemma 5.4.7. Let T and T” be as in Definition 5.4.1 or 5.4.2, and let A — A’
be our translation of L’-formulas to L-formulas as in Definition 5.4.6. Then:

1. A’ has the same free variables as A and is equivalent to it over T”, i.e.,
T'HFASA.

102



2. Propositional connectives and quantifiers are respected, i.e., we have
(mAY =-A", (ANB) = A AB, (Vz A) =Vz A, etc.

3. If A happens to be an L-formula, then A’ is just A.
Consequently, for all L'-sentences A we have T" F A if and only if T+ A’.

Proof. The first part is straightforward. For the last part, since 7" + A< A,
we obviously have 77 + A if and only if 77 = A’. But then, since A’ is an
L-sentence, it follows by Lemma 5.4.5 that 7"+ A if and only if T+ A'. O

Definition 5.4.8 (definitional extensions). Let T be a theory. A definitional ex-
tension of T' is a theory T which is a union of sequences of theories Ty, 11, . . ., Tk
beginning with Ty = T such that each T;;; is obtained by extending T; as in
Definition 5.4.1 or 5.4.2.

Definition 5.4.9 (conservative extensions). Let T = (L, S) and T* = (L*, S*)
be theories such that L* O L. We say that T is a conservative extension of T
if, for all L-sentences A, T* F A if and only if T+ A.

Theorem 5.4.10. Let T be a definitional extension of T'. Then T is a conser-
vative extension of 1. Moreover, there is a straightforward translation A — A*
of L*-formulas to L-formulas, with the following properties.

1. A* has the same free variables as A and is equivalent to it over T™, i.e.,
T - As A"
2. Propositional connectives and quantifiers are respected, i.e., we have
(mA)* =-A%, (AANB)* = A* AB*, (Vz A)* =Vx A*, etc.
3. If A happens to be an L-formula, then A* is just A.
Consequently, for all L*-sentences A, we have
T+ A ifand onlyif TF A*.
Proof. This is clear from Lemmas 5.4.5 and 5.4.7. ]
Remark 5.4.11. In practice, when it comes to working with specific theories
T, the technique of definitional extensions is very useful. This is because for-
mulas written in the extended language L* tend to be much shorter than their
translations in L. This is particularly important for the foundational theories

Z1, 2o, ..., 2y, ..., Lo, ZC, ZFC which are discussed in Sections 5.5 and 5.6
below.

Exercise 5.4.12. Show that for any theory T there is a definitional extension
of T" which admits elimination of quantifiers.

Solution. Let L be the language of T'. For each L-formula A with free variables
Z1,...,%y introduce a new n-ary predicate P4 and a new axiom

Vay -+ Vo, (Pazy -z, < A).

The resulting theory admits elimination of quantifiers.
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Exercise 5.4.13. Let T = (L, S) be a theory. Let A be an L-formula with free
variables x1,...,2,,y. Let T = (L', S") where L’ consists of L plus a new n-
ary operation f, and S’ consists of S plus Vzy - -+ Vo, (Aly/fz1 - zp] < Ty A).
Show that T is a conservative extension of 7.

Solution. Let B be an L-sentence such that 77 - B. We must show that T' - B.
If Tt/ B, let M be a model of TU {-~B}. Let M" = (M, far) where far is

an n-ary function on Uy, with the following property: for all aq1,...,a, € Uy
such that M = 3y Alx1/ay, ..., 20 /a,], we have M | Alxi/ay,. .., 20 /an, y/b]
where b = fyr(ai,...,ay,). (Note that fy is not necessarily unique and is not

necessarily definable over M. The existence of an fj; with the desired property
follows from the axiom of choice.) Clearly M’ is a model of 77 U {— B}, hence
T’ t/ B, a contradiction.

5.5 Foundational Theories

In this section and the next, we present several specific theories which are of
significance in the foundations of mathematics. We point out that these theories
are, in certain senses, “almost complete” or “practically complete.” On the other
hand, we shall see in Chapter 6 that these theories are not complete.

Definition 5.5.1 (first-order arithmetic). One of the most famous and impor-
tant foundational theories is first-order arithmetic, Z,, also known as Peano
Arithmetic, PA. The language of first-order arithmetic is Ly = {+,-,0,5,=}
where + and - are binary operations, .S is a unary operation, 0 is a constant,
and = is the equality predicate. Let Q be the finitely axiomatizable Li-theory
with axioms

Va (Sz # 0),

VaeVy (Sx = Sy=1z =y),
Vo (x40 = x),

VaVy (x + Sy = S(z +vy)),
Vo (x-0=0),

Vo Vy (z - Sy = (z-y) + z).

The axioms of Z; consist of the axioms of Q plus the induction scheme, i.e., the
universal closure of

(Alz/0) AVz (A= Alz/Sz])) = Vx A

where A is any L;-formula.
Note that the induction scheme consists of an infinite set of axioms. It can
be shown that Z; is not finitely axiomatizable.
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Remark 5.5.2 (practical completeness of first-order arithmetic). The intended
model of Z; is the natural number system

N= (N7+7'705S5:)

where N = {0,1,2,...} and +,-,0,= are as expected, and S is the successor
function, S(n) = n + 1 for all n € N. Obviously the axioms of Z; are true in
this model. The idea behind the axioms of Z; is that we are trying to write
down a set S of Li-sentences with the property that, for all L;-sentences A,
S1 B A if and only if N E A. In particular, the axioms of Z; are intended
to be complete. Unfortunately this intention cannot be fulfilled, as shown by
Godel’s First Incompleteness Theorem (see Chapter 6). However, it is known
that Z; “almost” fulfills the intention. This is because it has been found that, in
practice, all or most of the theorems of number theory which can be written in
(definitional extensions of) Z; are either provable or refutable in Z;. Exceptions
are known, but the exceptions are obscure and marginal. In this sense, we can
say that Z; is “practically complete.”

Remark 5.5.3 (definitional extensions of first-order arithmetic). We have seen
in Theorem 5.3.4 and Exercise 5.3.9 that the exponential function (n, k) — n*
and the “kth prime” function k — pj are definable over N, the intended model
of Z1. It can be shown that the same definitions work abstractly over the
theory Z;. Thus we have a definitional extension of Z; in which basic properties
such as Vm ¥n Vk (mFn* = (mn)*) and Vn Vi Vj (n‘n/ = n'*J) can be stated and
proved. Similarly, many other number-theoretical operations can be introduced,
and their properties proved, in definitional extensions of Z;. Our remarks above
concerning practical completeness of Z; apply all the more to these definitional
extensions of Z;.

Exercise 5.5.4. Show that the commutative laws VzVy (z +y = y + =) and
VeVy(x -y = y - x) are theorems of Z;. Similarly it can be shown that the
associative laws Vo VyVz (z + (y+ 2) = (z + y) + 2) and VaVyVz (z - (y - 2) =
(- y) - z) and the distributive law VaVyVz (z - (y + 2) = (x - y) + (z - 2)) are
theorems of 7.

Definition 5.5.5 (second-order arithmetic). Another important foundational
theory is second-order arithmetic, Z5. See also my book [3].

The language of Zo is a 2-sorted language, Lo, with sorts o and 7 designating
numbers and sets respectively. The number variables z%,y?, ... are written as
1,7, k,l,m,n, ... while the set variables 7,y",... are written as X,Y, Z, .. ..

The predicates and operations of Ly are +,-,0,5,=,€. Here + and - are
binary number operations, S is a unary number operation, and 0 is a numerical
constant. Thus + and - are of type (0,0,0), S is of type (0,0), and 0 is of type
0. In addition, the numerical equality predicate = is a binary predicate of type
(0,0), and the membership predicate € is a binary predicate of “mixed” type
(o, 7).

We identify the variables z,y, ... of L; with the number variables m,n, ...
of Lo. Also, we identify the operations and predicates +,-,0,.5, = of L; with
the +,-,0,5,= of Ly. Thus L; is a sublanguage of L.
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The axioms of Zs consist of Q (Definition 5.5.1), i.e.,

Ym (Sm # 0),

VYmVn (Sm = Sn=m =n),

Ym (m+0=m),

YmVn (m+ Sn = S(m+n)),

Ym (m -0 =0),

YmVn (m-Sn=(m-n)+m),
plus the induction axiom

VX ((0e XAVn(ne X=5Sne X))=Vn(ne X)),
plus the comprehension scheme, i.e., the universal closure of
IXVn(ne X< A)

where A is any Lo-formula in which X does not occur.
Note that the comprehension scheme consists of an infinite set of axioms. It
can be shown that Z5 is not finitely axiomatizable.

Remark 5.5.6 (practical completeness of second-order arithmetic). The in-
tended model of Z5 is the 2-sorted structure

P(N) = (N, P(N),+,-,0,5,=,€)

where (N, +,-,0,5,=) is the natural number system (see Remark 5.5.2), P(N)
is the power set of N, i.e., the set of all subsets of N,

P(N) = {X [ X CN},

and € is the membership relation between natural numbers and sets of natural
numbers, i.e.,

e={(n,X)eNxP(N)|neX}

As in the case of Z; (compare Remark 5.5.2), it is obvious that the axioms of
Zy are true in the 2-sorted structure P(N), and again, the idea behind Z; is
that we are trying to write down axioms for the complete theory of P(N). This
intention cannot be fulfilled because of the Gédel Incompleteness Theorem, but
again, Zo is “practically complete.”

Remark 5.5.7 (definitional extensions of second-order arithmetic). The foun-
dational significance of Zy is that, within definitional extensions of Zs, it is
possible and convenient to develop the bulk of ordinary countable and sep-
arable mathematics. This includes differential equations, analysis, functional
analysis, algebra, geometry, topology, combinatorics, descriptive set theory, etc.
For details of how this can be done, see my book [3].
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Exercise 5.5.8. As noted in Defintion 5.5.5, L is a sublanguage of Ly. Show
that all of the axioms of Z; are theorems of Z,. In this sense Z; is a subtheory
of 22.

Solution. Recall that Q is a subtheory of Zs. It remains to show that, for any
L;-formula A, the universal closure of (A[n/0]AVn (A= A[n/Sn]))=VnAis a
theorem of Zs. More generally, we shall prove this when A is any Lo-formula. Let
the free variables of A be among n,n1,...,ng, X1,...,X;. Within Z, we reason
as follows. Given nq,...,ng, X1,...,X;, we use the comprehension scheme of
Zy to prove the existence of a set X such that Vn(n € X < A). From the
induction axiom of Z, we have (0 € X AVn(n € X=Sn € X))=Vn(n € X).
From this it follows that (A[n/0] AVn (A= A[n/Sn])) = Vn A. Since this holds
for arbitrary nq,...,ng, X1,...,X;, we obtain the universal closure.

Remark 5.5.9 (nth order arithmetic). Similarly we can define third-order arith-
metic, Z3, a 3-sorted theory with variables intended to range over numbers, sets
of numbers, and sets of sets of numbers. The intended model of Z3 is the 3-sorted
structure

P%(N) = (N, P(N), P(P(N)), +,-,0,5,=, €1, €2)

where

€1={(n,X)eNx P(N)|ne X}

and
€, = {(X,A) € P(N) x P(P(N)) | X € A}.

More generally, for each positive integer n > 1 we can define nth-order arith-
metic, Z,, an n-sorted theory whose intended model is the n-sorted structure

P"Y(N) = P(P---(P(N)) )

where P is the power set operation. Thus we have a sequence of theories
Zl gz2ggzngzn+l e

The union Zo, = |J;~, Z, is known as simple type theory. This theory is his-
torically important, because it or something like it was offered by Russell as a

solution of the Russell Paradox.

5.6 Axiomatic Set Theory

We now turn to another kind of foundational theory, known as aziomatic set
theory.

Definition 5.6.1 (the language of set theory). The language of set theory, Lset,
consists of two binary predicates, € and =, the membership predicate and the
identity predicate. The variables w,v,w,x,y, 2, ... are intended to range over
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sets. Note that u € x means that u is an element of the set x, i.e., a member of
x. We also use notations such as = {u,v,...} meaning that z is a set whose
elements are u,v,..., and x = {u | ...} meaning that x is a set whose elements
are all u such that ....

Remark 5.6.2 (pure well-founded sets). In order to motivate and clarify our
presentation of the axioms of set theory, we first note that the axioms are
intended to apply only to sets which are pure and well-founded. A set x is said
to be pure if all elements of x are sets, all elements of elements of = are sets,
all elements of elements of elements of x are sets, etc. A set x is said to be
well-founded if there is no infinite descending €-chain

€ Upt1 EUR €0 - €U EUL € U = T

Remark 5.6.3. In order to state the axioms and theorems of set theory effi-
ciently, we shall tacitly employ the technique of definitional extensions, which
has been discussed in Section 5.4.

Definition 5.6.4 (Zermelo set theory). Zermelo set theory with the aziom of
choice, ZC, is a theory in the language Lot consisting of the following axioms.
1. The aziom of extensionality: VaVy (x = y & Vu(u € xS u € y)).
We define a binary predicate C by 2z Cy<Vu(u € z=u € y), le, xisa
subset of y. Extensionality! says that z = y is equivalent tox C y Ay C =.
2. The pairing aziom: YxVyIzVu (u € z& (u=2xVu=y)).

By extensionality this z is unique, so we define a binary operation {z,y} =
this z. Note that {z,y} is the unordered pair consisting of z and y. In
addition, we define a unary operation {2} = {z,z}. Note that {z} is the
singleton set consisting of x.

We also define a binary operation (x,y) = {{z}, {z,y}}, the ordered pair
consisting of x and y. Using extensionality, we can prove the basic property

Ve VyVuYo ((z,y) = (u,v) & (x =uAy =v)).

3. The union aziom: YxIzVu (u € z< v (u EvAV € x)).

By extensionality this z is unique, so we define a unary operation |Jz =
this z. Note that |Jz is the union of z, i.e., the union of all of the sets
which are elements of z. We also define a binary operation xUy = (J{z, y},
the union of r and y.

4. The power set aziom: Yz IzVy (y € z<y C x).

IRecall that Lset is a one-sorted language with only set variables. This fact together with
the axiom of extensionality embodies our restriction to pure sets. Later we shall introduce
another axiom, the axiom of foundation, which embodies our restriction to well-founded sets.
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By extensionality this z is unique, so we define a unary operation P(x) =
this z. Note that P(x) is the power set of z,

P(z)={y |y C z},
the set of all subsets of x.

. The comprehension scheme: the universal closure of
Ve3zVu(u € 2 (u € AN A))

where A is any Lget-formula in which z does not occur.

The idea here is that x is a given set, and A expresses a property of
elements u € x. The comprehension scheme asserts the existence of a set

z={ueuxz| A}
i.e., z is a subset of x consisting of all v € x such that A holds. By

extensionality, this z is unique.

Note that the comprehension scheme consists of an infinite set of axioms.
It can be shown that ZC is not finitely axiomatizable.

Using comprehension, we define binary operations

(a) Ny ={u € x| u €y}, the intersection of x and v,
(b) x\y={u€z|u¢y}, the set-theoretic difference of x and y, and
(¢c) zxy={we P(P(xUy)) | Judv(u € zAv € yA(u,v) = w)}, the
Cartesian product of x and y.
We also define a constant ) = {} = « \ x, the empty set.

We define a unary predicate Fen(f) saying that f is a function, i.e., a set
f such that
Vw (w € f=32 3y (w = (z,y)))

and
VeVyVz ((z,y) € fA(z,2) € f)=y = 2).

Using comprehension, the domain and range of f are defined as unary
operations

dom(f)z{xEUUf|3y(($ay) € f}

and

ran(f) = {y € JUJf | 32 ((z,9) € N)}.

We also define f(x), the value of f at € dom(f), to be the unique y
such that (z,y) € f.
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6. The aziom of infinity: 3z (0 € 2 AVaVy ((x € zAy € z) =2 U {y} € 2)).

Using comprehension, we can prove the existence of a unique smallest set
z as above, namely the intersection of all such sets. We define a constant
HF = this z. Note that HF is an infinite set. The elements of HF are the
hereditarily finite sets, i.e., those pure well-founded sets = such that C(x)

is finite. Here

C(x) :IUUIUUUIU"',
i.e., C(z) is the set consisting of all elements of z, elements of elements of
x, elements of elements of elements of z, .. ..

Similarly, we can prove that there exists a unique smallest set w such
that § € wAVz (x € w=2 U {z} € w). We define a constant w = this
w. Note that w C HF. The elements of w are just the natural numbers,
inductively identified with hereditarily finite sets vian = {0,1,...,n—1}.
Thus w = N, the set of natural numbers, and we have 0 = () and, for all
n, n+1=nU{n}. We define a finite sequence to be a function f such
that dom(f) € w. We define an infinite sequence to be a function f such
that dom(f) = w.

A set z is said to be finite if
In3f (n € wAFen(f) Adom(f) = nAran(f) = x).

We define |z|, the cardinality of x, to be the least such n. We can prove
that, for all n € w, |n| = n. For m,n € w we define

m4n=|(mx{0})U (nx {1})]

and m -n = |m X n|. On this basis, we can prove the essential properties
of + and - on w. Moreover, from the definition of w it follows that

Ve((z CwnlexAVn(nexz=nU{n} €x))=r=w).
Thus we have a copy of the natural number system.

7. The axiom of choice:

v/ ((Fen(f) AVa (x € dom(f) = [ (x) # 0)) =
39 (Fen(g) A dom(g) = dom(f) AVa (z € dom(f) = g() € f(x))).

The axiom of choice says that, given an indexed family of nonempty sets,
there exists a function which chooses one element from each of the sets.
There is a history of controversy surrounding this axiom.

8. The aziom of foundation: Yz (x # 0= Fu (u € zAunzx = ()).

The axiom of foundation amounts to saying that all sets are well-founded.
To see this, note that if there were an infinite descending €-chain

€ Upr1 € UL €0 €E U2 E U € U
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then we would have a counterexample to the axiom of foundation, namely
x = {ug, U, ..., Un, Upt1,-..}. Conversely, if & were a counterexample to
the axiom of foundation, i.e., * # ) and Yu(u € z=u Nz # 0), then
we could use the axiom of choice to obtain an infinite descending €-chain
Uy €Ex, U2 €U NT, U3 €U N, ....

Remark 5.6.5 (foundational significance of set theory). The significance of
ZC and similar theories is that they can serve as an axiomatic, set-theoretical
foundation for virtually all of mathematics. As already noted, within ZC we
have the natural number system, N. On this basis, it is possible to follow the
usual Dedekind construction of the integers Z, the rational numbers Q, and
the real numbers R. We can also develop the theory of higher mathematical
objects such as manifolds, topological spaces, operators on Banach spaces, etc.,
all within (definitional extensions of) ZC.

Definition 5.6.6 (Zermelo/Fraenkel set theory). ZFC, Zermelo/Fraenkel set
theory with the axiom of choice, consists of ZC, Zermelo set theory with the
axiom of choice, plus

9. The replacement scheme: universal closure of
(Vu (3 exactly one v) A) = Ve IyWVo (v € y< Ju (u € z A A))

where A is any Lgei-formula in which y does not occur.

The idea here is that to each u is associated exactly one v such that A
holds. Under this assumption, we assert that for all sets = there exists a
set y consisting of all v associated to some v € x. By extensionality, this
y is unique.

Note that the replacement scheme consists of an infinite set of axioms. It can
be shown that ZFC is not finitely axiomatizable.

Remark 5.6.7 (practical completeness of set theory). The most obvious model
of Zermelo set theory is the set

PY(HF) = | J P"(HF) = | J P(P---(P(HF))--")

new neN M

consisting of HF plus all subsets of HF plus all subsets of subsets of HF plus
.... Thus P¥(HF) is the set of all sets of finite order over HF. The axioms of
ZC express evident properties of P¥(HF).

The existence of the set P“(HF) cannot be proved in Zermelo set theory.
However, the existence of P¥(HF') can be proved in Zermelo/Fraenkel set theory,
as follows. Let A be a formula which associates to each n € N the set P"(HF).
Since N is a set, the replacement scheme for A gives us the set { P"(HF) | n € N},
and then the union axiom gives us | J{P"(HF) | n € N} = P¥(HF).

The intended model of Zermelo/Fraenkel set theory is the collection V' of all
pure, well-founded sets. V' is also known as the universe of set theory. It can be
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shown that V' = J,, P*(HF), where « ranges over transfinite ordinal numbers.
Thus V is the collection of all sets of all transfinite orders over HF.

The axioms of ZFC express evident properties of V. Moreover, it has been
found that ZFC is “practically complete” in the sense that all Lgei-sentences
expressing evident properties of V' are provable in ZFC. At the same time, there
are many interesting Lg.t-sentences, e.g., the Continuum Hypothesis, which are
neither evidently true nor evidently false in V' according to our current under-
standing, and which are known to be neither provable nor refutable in ZFC.
Thus it appears that ZFC accurately reflects our current understanding of V.

5.7 Interpretability

Definition 5.7.1. Let T} and 75 be theories. We say that T is a subtheory of
T if the language of 17 is included in the language of 75 and the theorems of
T, are included in the theorems of T5.

Definition 5.7.2 (interpretability). Let 77 and T be theories. We say that T}
is interpretable in Ty if T} is a subtheory of some definitional extension of T5.
Intuitively, this means that T> is “at least as strong as” Ti, in some abstract
sense. We sometimes write T7 < T to mean that Tj is interpretable in T5.

Remark 5.7.3. It is straightforward to show that the interpretability relation
is transitive. In other words, Ty < Ts and T> < T imply 77 < T5. Thus we have
equivalence classes of theories under mutual interpretability, partially ordered
by the interpretability relation.

Examples 5.7.4. First-order arithmetic is interpretable in second-order arith-
metic, and second-order arithmetic is interpretable in set theory. More generally,
for all n > 1, nth-order arithmetic is interpretable in (n + 1)st-order arithmetic
and in set theory. It can be shown that (n+1)st-order arithmetic and set theory
are not interpretable in nth order arithmetic. In particular, second-order arith-
metic is not interpretable in first-order arithmetic. Results of this kind follow
from Godel’s Second Incompleteness Theorem. We have

71 <Zy< <Ly <Zpy1<- -+ <Zoo<ZC<ZFC

where T7 < Tb means that T is “weaker than” T3, i.e., T is “stronger than”
Ty, i.e., Ty is interpretable in T5 and not vice versa.

Remark 5.7.5 (the Godel hierarchy). The partial ordering of foundational
theories under interpretability is sometimes known as the Gddel hierarchy. This
hierarchy is of obvious foundational interest.

Remark 5.7.6. The foundational significance of interpretability is highlighted
by the following observations. If T} is interpretable in 75, then:

1. Counsistency of T, implies consistency of T7.
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2. Essential incompleteness of T; implies essential incompleteness of T5.

3. Effective essential incompleteness of 77 implies effective essential incom-
pleteness of T5.

5.8 Beth’s Definability Theorem

In this section we consider implicit definitional extensions of theories. We state
and prove Beth’s Definability Theorem, which says that an implicit definitional
extension of a theory T is always equivalent to an explicit definitional extension
of the same theory, 7.

We consider only the case of predicates, but operations can be handled
similarly. Let T = (L, S) be a theory, and let P be an n-ary predicate of L.

Definition 5.8.1.

1. We say that T explicitly defines P if there exists an L-formula D not
involving P with free variables x1, ..., %, such that

TkHVay -+ Vo, (Pry - 2y & D).
2. We say that T implicitly defines P if, letting P’ be a new n-ary predicate
and letting 7" = T[P/P'], we have
TUT FVxy - Va, (Poy -2, Play--xy).
Theorem 5.8.2 (Beth’s Definability Theorem). T explicitly defines P if and
only if T implicitly defines P.
Proof. Assume first that T explicitly defines P, say
TkHVzqy -+ Vo, (Pr1 - 2, < D).

It follows that
T =Ny -+ Vo, (P'oy -2, & D).

Hence
TUT bVzy - Va, (Pry - xp & Ploy - xy),

i.e., T implicitly defines P.
Conversely, assume that T implicitly defines P, i.e.,

TUT bVzy - - Va, (Pry - xp & Ploy - xy).

By the Compactness Theorem, there are finitely many axioms Aj,..., Ay € §
such that
(ANAY=Vz1 - Vo, (Pry-2p & Play - xy)
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is logically valid, where A = A; A --- ANAp and A’ = A[P/P’]. Introducing
parameters aq, ..., a,, we see that

(ANA)= (Pay---an< Play---ay) (5.1)
is logically valid. It follows quasitautologically that
(AANPay---ay)=(A"=Play---ay) (5.2)

is logically valid. By the Interpolation Theorem 3.5.1, we can find an L-formula
D with free variables x1, ..., x, such that D[z1/a1,...,z,/ay,] is an interpolant
for (5.2). Thus

(AANPay---an)=Dlx1/a1,...,Tn/an) (5.3)

and
Dlz1/a1,...,xn/an] = (A'= Play---ay) (5.4)

are logically valid, and P and P’ do not occur in D. Since (5.4) is logically
valid, it follows that

Dz1/a1,...,xn/an] = (A= Pay ---ay) (5.5)

is logically valid. From the logical validity of (5.3) and (5.5), it follows quasitau-
tologically that

A= (Pay - an< Dlx1/a1,...,xn/an]) (5.6)
is logically valid. Hence
A=Vxy -+ Va, (Pr1--zp, & D)
is logically valid, so
TkFVzqy -+ Vo, (Pry - 2, < D).

Thus we see that T" explicitly defines P. ([
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Chapter 6

Arithmetization of
Predicate Calculus

6.1 Primitive Recursive Arithmetic

Definition 6.1.1. To each natural number n we associate a variable-free PRA-
term n as follows: 0 =0, n+ 1 = Sn. Thus

ﬂ:S-..iO'

——

n
These terms are known as numerals.

Theorem 6.1.2. Let f be a k-ary primitive recursive function. Then for all
k-tuples of natural numbers my, ..., m; we have

PRA = fmy--mp = f(ma,...,mg) .

Proof. ([

6.2 Interpretability of PRA in Z;
6.3 Godel Numbers

Let L be a countable language. Assume that to all the sorts o, predicates P,
and operations f of L have been assigned distinct positive integers #(o), #(P),
#(f) respectively. As usual, let V' be the set of parameters.

Definition 6.3.1 (Goédel numbers). To each L-V-term ¢ and L-V-formula A
we assign a positive integer, the Gddel number of t or of A, denoted #(t) or
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#(A), respectively.

#(7) — 9.3#(0) . 5i

#(a?) — 92.3#(0) .5

#(fty---t,) = 23.3#0) -pf(tl) pffl n) i f is an n-ary operation
#(Pty---t,) = 2%.3#(1P) -pf(tl) pff{”) if P is an n-ary predicate
#(= A) — 95.3#(4)

#(ANAB) — 96 3#(4) . 5#(B)

#(AV B) — 97.3#(4) . 5#(B)

#(A= B) — 98.3#(4) . 5#(B)

#(A< B) — 99.3#(4) . 5#(B)

#(Vv A) — 910 3#(v) . 5#(A4)

#(Fv A) — 911 .3#(v) . 5#(4)

Definition 6.3.2. The language L is said to be primitive recursive if the fol-

lowing items are primitive recursive.

Sort(x) = z=47#(o) for some sort o
Pred(az) = 1z =#(P) for some predicate P
Op(z) = x=+#(f) for some operation f
arity(#(P)) = if P is an n-ary predicate
arity(#(f)) = n if f is an n-ary operation
sort(#(P),i) = #(oy) if 1 <7 <nand P is an n-ary predicate of

type (61,...,0n)

sort(#(f),1) = #(oy) if 1 <4< nand sort(#(f)) =
of type (01,...,0n,7T).

#(7) and f is an n-ary operation

Lemma 6.3.3. If L is primitive recursive, then the following are primitive

recursive.
Var(z) = x=#(v) for some variable v
Param(zx) = = +#(a) for some parameter a
Term(z) = x=#() for some term ¢t
ClTerm(z) = xz = #(t) for some closed term ¢
AtFml(z) = xz=+#(A) for some atomic formula A
Fml(zx) = x=#(A) for some formula A
sort(#(t)) = #(o) if ¢ is a term of sort o
Proof. We have
Var(z) = (z)o=1A 2 =2®0.3@)1 .52 A Sort((z);)
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and
Param(z) = (z)g =2 A 2 = 2@0.3@1 .52 A Sort((x),) .

To show that the predicate Term(x) is primitive recursive, we first show that the
function sort(x) is primitive recursive, where sort(#(t)) = #(o) if ¢ is a term of
sort o, sort(z) = 0 otherwise. Put lh(z) = least w < z such that (z),, = 0. We
then have

()1 if Var(z) V Param(x),
sort(xz) = sort((z)1,lh(z) = 1) if ()0 =3 A Op((z)1) A (+),
0 otherwise,
where
() arity((@)) =lh(z) =2 A 2= [[207 p{""
A (Vi <1h(z) = 2) (sort((z);re) = sort((z)1,i+ 1)) .
Then

Term(z) = sort(z) >0.

For closed terms, define clsort(z) like sort(z) replacing Var(x) V Param(z) by
Param(z). We then have

ClTerm(z) = clsort(z) >0 .
For formulas we have
AtFml(z) = ((z)o =4 A Pred((z)1) A (+))
and
Fml(z) = AtFml(z) V ((z)o =5 A 2 = 20 . 31 A Fml((x),))

V(6< (2)0 <INz =2@0.3@1.5&):2 A Fml((x);) A Fml((z)s2))

V (10 < (x)o < 11 A z = 20 . 3@ . 5)2 A Var((z);) A Fml((x)s))
and this completes the proof. (I

Lemma 6.3.4 (substitution). There is a primitive recursive function sub(z, y, 2)
such that for any formula A and any variable v and any closed term ¢,

sub(#(A), #(v), #(t)) = #(Af/t]) .

Proof.

z if x =y,

2(@)o . 3@ [T@=1 psubl@)iw2) 4 3 < (), < 4,
(o) — 9(@)o . 3sub((2)1,4,2) if (z)o = 5,

2(®)o . gsub((2)1,,2) . ssub((@)2,9:2)  if 6 < (2)g < 9,
2(®)o . (@)1 . 5subl((z)2,y,2) if 10 < (z)o < 11 A (2)1 # v,

T otherwise.
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Lemma 6.3.5. If L is primitive recursive, then the predicate
Snt(z) = =z = #(A) for some sentence A
is primitive recursive.

Proof. Recall that, by Exercise 2.1.10, a formula A is a sentence if and only if
Alv/a] = A for all variables v occurring in A. Note also that if y = #(v7) then
2y = #(a?). Thus we have

Snt(z) = Fml(z) A (Vy < z) (Var(y) = = = sub(x, y,2y)) .

O

Lemma 6.3.6. There is a primitive recursive function num(z) such that

num(n) = #(n)
for any nonnegative integer n.
Proof. The recursion equations for num(z) are
num(0) = #(0),
num(z +1) = 2%.3#(&) . grum()

O

6.4 Undefinability of Truth

In this section, let T" be a theory which includes PRA. For example, we could
take T' to be PRA itself. Or, by Section 6.2, we could take T" to be an appropriate
definitional extension of Z; or Zs or ZFC.

Lemma 6.4.1 (Self-Reference Lemma). Let L be the language of T. Let A be
an L-formula with a free number variable z. Then we can find an L-formula B
such that

T + Be Alz/#(B)] .

The free variables of B are those of A except for z. In particular, if = is the
only free variable of A, then B is an L-sentence.

Proof. Put d(z) = sub(z, #(z),num(z)). Thus d is a l-ary primitive recursive
function such that, if A is any L-formula containing the number variable x
as a free variable, then d(#(A)) = #(Alx/#(A)]. Now given A as in the
hypothesis of the lemma, let D be the formula Afz/d x|, and let B be the
formula A[z/d #(D)], i.e., D[xz/#(D)]. Note that d(#(D)) = #(B). It follows
by Theorem 6.1.2 that PRA F d #(D) = #(B). Since T includes PRA, it
follows that Tt d #(D) = #(B). Hence T F Alz/d #(D)] < Alx/#(B)]. In

(]

other words, T+ B < Alz/#(B)]. This completes the proof.
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Definition 6.4.2. If M is any model of T, let Truep; be the set of Godel
numbers of sentences that are true in M, i.e.,

Truey; = {#(B) | B is a sentence and M = B}.

Definition 6.4.3. An w-model of T is a model M of T such that the number
domain of M isw = {0,1,2,...} and 0py =0 and Sy (n) =n+ 1 for all n € w.
More generally, if M is any model of T, we may assume that w is identified
with a subset of the number domain of M in such a way that 0p; = 0 and
Su(n) =n+1 for each n € w. Thus each n € w is identified with the element
of M that is denoted by n, i.e., n = vy (n).

Theorem 6.4.4 (undefinability of truth). If M is an w-model of T, then Truep,
is not explicitly definable over M. More generally, if M is any model of T', then
the characteristic function of Truej; is is not included in the characteristic
function of any subset of M that is explicitly definable over M.

Proof. Let X be a subset of the number domain of M which is explicitly definable
over M. Let A be an L-formula with a free number variable  and no other free
variables, such that A explicitly defines X over M. Applying Lemma 6.4.1 to
the negation of A, we obtain an L-sentence B such that T - B< — Az /#(B)].
Since M is a model of T, it follows that #(B) € Truey, if and only if #(B) ¢ X.
Hence the characteristic function of Truej, is not included in the characteristic

function of X, q.e.d. (Il

Corollary 6.4.5. Let M = (w,+,-,0,1,=) be the standard model of first-order
arithmetic, Z;. Then Truey; is not explicitly definable over M. This' may be
paraphrased by saying that arithmetical truth is not arithmetically definable.

Remark 6.4.6. With M = (w,+,-,0,1,=) as above, it can be shown that
Trueys is implicitly definable over M. (See also Exercise 6.4.7.) Thus the
Beth’s Definability Theorem does not hold for definability over this particular
model.

Exercise 6.4.7. Let M be an w-model of Z; or Zy or ZFC. Let Saty; be the
satisfaction relation on M. Show that Sat,s is implicitly definable over M.

6.5 The Provability Predicate

In this section, let L be a primitive recursive language, and let T" be an L-
theory which is primitive recursively axiomatizable. For example, T' could be
PRA itself, or T' could be any of the mathematical or foundational theories
discussed in Sections 5.2, 5.5, 5.6.

Definition 6.5.1. Choose a primitive recursive predicate Axp for the set of
Godel numbers of axioms of T'. In terms of Axy show that various predicates

1This result is due to Tarski [5].
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associated with T are primitive recursive. Introduce the provability predicate
Pvbly by definition:
Pvbly(z) & JyPrip(z,y) .

Note that, for all L-sentences B, Pvbly(#(B)) is true if and only if 7'+ B.

Lemma 6.5.2 (derivability condition 1). For any L-sentence A, if T+ A then

PRA + Pvbly(#(A)) .

Proof. Suppose T = A. Let p be a proof of A in T. Then Prip(#(A),#(p))
holds. Since Prfr(x,y) is a primitive recursive predicate, it follows by Theorem
6.1.2 that PRA F Prfr(#(A), #(p)). Hence PRA I Pvblp(#(A)), q.e.d. O

Lemma 6.5.3 (derivability condition 2). For any L-sentence A, we have

PRA I Pvblp(#(4)) = Pvblera (#(Pvblr(#(A)))) .

Proof. This is just Lemma 6.5.2 formalized in PRA. The details of the formal-
ization are in Section 6.7. O

Lemma 6.5.4 (derivability condition 3). For any L-sentences A and B, we
have

PRA + Pvblp(#(A=> B)) = (Pvbly(#(A)) = Pvblp(£(B))) .

Proof. This is a straightforward consequence of the fact that our rules of infer-
ence include modus ponens. (Il

6.6 The Incompleteness Theorems

In this section, let T' be a theory which is primitive recursively axiomatizable
and includes PRA. For example, T" could be PRA itself, or it could be an
appropriate definitional extension of Z; or Zs or ZFC. As in Section 6.5, let
Pvbly be a provability predicate for T

Lemma 6.6.1. Let A(z) be a PRA-formula with one free variable 2. Then we
can find a PRA-sentence B such that PRA - B < A(#(B)).

Proof. This is the Self-Reference Lemma 6.4.1 specialized to PRA. O
Lemma 6.6.2. We can find a PRA-sentence S such that
PRA + S< —Pvblp(#£(S5)) . (6.1)

Note that S is self-referential and says “I am not provable in T'.”

Proof. This is an instance of Lemma 6.6.1 with A(z) = - Pvblp(x). O
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Lemma 6.6.3. Let S be as in Lemma 6.6.2. If T is consistent, then Tt/ S.

Proof. Suppose for a contradiction that 7" - S. By Lemma 6.5.2 we have
PRA + Pvblp(#(S)). Hence by (6.1) it follows that PRA + —=S. Since T
includes PRA, we have T+ = S. Thus T is inconsistent. Il

Theorem 6.6.4 (the First Incompleteness Theorem). If T' is consistent, then
we can find a sentence S’ in the language of first-order arithmetic such that S’
is true yet S’ is not a theorem of T'.

Proof. Let S be a PRA-sentence as in Lemma 6.6.2. By Lemma 6.6.3, T'I/ S. It
follows by (6.1) that S is true. As in Section 6.2, let S” be the translation of S
into the language of first-order arithmetic. Thus S’ is also true. By the results
of Section 6.2, PRAF S S'. Hence T+ S« S’. Hence T I 5. O

Assume now that the primitive recursive predicate Axp has been chosen
in such a way that PRA + Vz (Axpra(z) = Axp(z)). It follows that PRA F
Yz (Pvblpra(z) = Pvblr(z)). In particular we have:

Lemma 6.6.5. For all PRA-sentences A, we have

Definition 6.6.6. Cony is defined to be the sentence = Pvbly (#(0 # 0)). Note

that Cony is a PRA-sentence which asserts the consistency of 7T'.

Theorem 6.6.7 (the Second Incompleteness Theorem). If T is consistent, then
T |7[ COHT.

Proof. Let S be as in Lemma 6.6.2. By Theorem 6.6.4 we have T' ¥ S. Therefore,
to show Tt/ Conrp, it suffices to show T+ Cony = S. Since T includes PRA, it
suffices to show PRA F Cony = S. By (6.1) it suffices to show

PRA + Cong = —Pvblp(£(S)) . (6.2)

But this is just Lemma 6.6.3 formalized in PRA.
Details: We need to prove (6.2). Reasoning in PRA, suppose Pvbly(#(9)).

By Lemma 6.5.3 we have Pvblpra(#(Pvbly(#(S5)))). Moreover, from (6.1)
and Lemma 6.5.2 we have Pvblpra(#(S < —~Pvblr(#(S5)))). Hence by Lem-

mas 6.5.2 and 6.5.4 we have Pvblpra(#(—S)). By Lemma 6.6.5 it follows that
Pvblp(#(—.5)). Hence by Lemmas 6.5.2 and 6.5.4 we have Pvbly(#(0 # 0)),

i.e., 7 Cony. This completes the proof. O

Exercise 6.6.8. Show that PRA+ S < Conry.

Exercise 6.6.9 (Rosser’s Theorem). Show that if T is as in Theorems 6.6.4
and 6.6.7, then T is incomplete.

Hint: Use the Self-Reference Lemma 6.4.1 to obtain a sentence B such that
PRA + B & Alx/#(B)], where A[z/#(B)] says that for any proof p of B in T
there exists a proof ¢ of = B in T such that #(q) < #(p). Using the assumption
that T is consistent, show that Tt/ B and T't/ - B.
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Exercise 6.6.10. Give an example of a T" as in Theorems 6.6.4 and 6.6.7 such
that T+ — Conr.

Solution. We may take T' = PRA 4+ - Conpgra, or T' = Z; + - Congz, , etc.

6.7 Proof of Lemma 6.5.3

FIXME Write this section!
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