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1 Propositional Logic

Definition. The language of propositional logic consists of a set P of primitive
propositions and the set L = L(P) of propositions (or compound propositions),
which is defined inductively as follows.

(i) PCL,
(ii) L € L (the symbol ‘L’ is read ‘false’ or ‘bottom’),
(iii) if p,q € L then (p = q) € L.
Examples. We often use P = {p1,p2,p3,...}. In other words, we need a

countable infinite set of primitive propositions. The following are then examples
of compound propositions.

(p1=p2), (m=1L)=p3), ((pr=p2)=(p1=p3))

or for any p € L,
(p=1)=1)

is also in L.



Remarks. 1. ‘L defined inductively’ means, more precisely, that L = (J,,cy Ln,

where
Ly =PuU{l}
and for n € N,
Lny1=LoU{(p=q):p,qg€ Ln}.

2. A proposition is a finite string of symbols from the alphabet PU{L, =, (, )}.
It is easy to check that L is the smallest (with respect to inclusion) subset of
the set ¥ of all finite strings of symbols from the alphabet P U{Ll, =, (, )}
satisfying clauses (i)-(iii) above. Note that L # ¥. For example, the string
= p1)( isin X but is not a proposition.

3. Every proposition is built uniquely using clauses (i)-(iii) above, i.e., for every
p € L, either p€ P or p=_1 or pis (¢ = r) for unique ¢,r € L.

4. How about other logical connectives like A and V? We will introduce these
a little later.

Semantic Entailment
Definition. A wvaluation on L is a function v: L — {0,1} such that:
(i) v(L) =0,

0 ifv(p) =1,v(q) =0,
1 otherwise

(ii) v(p = q) = {
for all p,q € L.

Example. If v(p;) =1 and v(pz) = 0, then v((L = p1) = (p1 = p2)) =0.

Proposition 1.

(i) If v and v’ are valuations with v[p= v’ p, then v = v'.

(ii) For any function w: P — {0, 1}, there exist a valuation v on L such that
vl p= w.

Remark. The proposition says that a valuation is determined by its values on
P, and any values will do.

Proof. (i) Let L' = {p € L : v(p) = v'(p)}. By assumption, L; C L. If
p,q € L', then v(p = ¢q) = v/(p = ¢) by definition. It follows that L, C L’
implies L,11 C L’ for every n € N. By induction, L, C L’ for all n € N, and
thus v = v'.

(i) Set v(p) = w(p) for every p € P, and set v(L) = 0. This defines v on L.
Having defined v on L,, for some n € N, for p € L,,11 \ Ly, write p = (¢ = 1)
for unique q,r € L,, and define

o(p) = {O if v(g) =1,v(r) =0,

1  otherwise.

This defines v on L,,+1. Thus, we obtain a valuation v on L with v[p=w. O



Definition. Say t € L is a tautology if v(t) = 1 for all valuations v.

Definition. At this point, we enrich our language by adding the symbols T
(‘true’ or ‘top’), A (‘and’), V (‘or’) and — (‘not’) as abbrevations as follows.

T=(L=1)
p=({p=1)
(rVag) =(pr=q

(rAg)=~(p=—q)

for any p,q € L. We have v(T) = 1 for any valuation v. Similarly, v(—p),
v(pV q) and v(p A q) have the expected values.

Examples. The following three examples of tautologies will play a role later.

1. (p=(¢g=p)) (‘atrue statement is implied by anything’).
We check:

v(p) v(g) vi@g=p) vlp=(¢=p)
0 0 1 1
0 1 0 1
1 0 1 1
1 1 1 1

Note that an identically 1 column indicates a tautology.

2. (—mp=p),ie,((p=L)=1L)=p) (‘thelaw of excluded middle’).
This can also be written as (—p V p).
op) vp=1) olp=L)=1) vlp=1)=1)=p
0 1 0 1
1 0 1 1

so a tautology.
3. (b= =)= (== @E=7))
Suppose not a tautology. Then
v(p=(¢g=r)=1 and v(p=q¢ =(@=r))=0
for some valuation v. Then v(p = ¢) = 1 and v(p = r) = 0. Thus, v(p)

1, v(r) =0, and so v(gq) = 1, v(g = r) = 0 and v(p = (¢ = r)) =
contradiction.

a
Definition. For S C L and t € L, say S entails t (or semantically entails t),
written S = ¢, if for every valuation v,

v(s)=1forall s€ S implies wv(t)=1,
i.e., ‘whenever all of S is true, ¢ is true as well.’

Examples. {p, p=qtEq {p=q¢ q=r}E={pP=r1)



Note. t is a tautology if and only if @ |= ¢, which we abbreviate to = t.

Definition. For t € L, if v(t) = 1, then say ¢ is true in v or v is a model of t.
For S C L, a valuation v is a model of S if v(s) =1 for all s € S.

Note. S =t says that ¢ is true in every model of S.

Syntactic Entailment

A notion of proof consists of axioms and deduction rules. In Propositional Logic
we adopt the following propositions as axioms.

(Al) p=(¢=p) (pgcl)
(A2) (p=(g=r)=(p=9 = (p@=r)) (Paqrel)
(A3) =—p=p (pel)

These are more accurately called ‘axiom-schemes’, as each is an infinite collec-
tion of axioms.

Note. The axioms are all tautologies.

We will have only one deduction rule, called modus ponens: ‘from p and p = q,
can deduce ¢’.

For S C L and t € L, a proof of t from S is a finite sequence t1,ts,...,t, of
propositions such that ¢, = ¢ and for each 4,

(i) either ¢; is an axiom,
(ii) or t; is a member of S (premiss or hypothesis)
(iii) or t; follows from earlier lines by modus ponens (MP): there exist j, k < 4
with £, = (tj = ti)-
If there exists a proof of ¢ from S, say S proves t, or syntactically entails t,
written S - t.
Say t is a theorem if ) - t, which we simply denote I t.

Examples. 1. {p=¢q, =71}t (p=71)

p=@=r)=((r=0=@=r) (A2)
(g=r)=@=(¢=71)) (A1)
q=r (premiss)
p=(¢g=r) (MP)
p=q=@=r) (MP)
p=q (premiss)
p=r (MP)



2. F(p=p)

= ((p=p)=p) (A1)
( (e=p=0)=(E=w=)=0=p) (2
(p=(@=p)=0®=p (MP)
= (p=p) (A1)
p=p (MP)

In showing S F t, the following result is often helpful.

Proposition 2. (Deduction Theorem) Let S C L and p,q € L. Then we
have S+ (p = ¢) if and ounly if SU {p} F ¢.

Remark. So ‘=’ really does behave like implication in formal proofs.

Note. To show {p = ¢, ¢ = r}  (p = r) (Example 1 above), it is enough to
show that {p = ¢, ¢ = r, p} F r. This is much easier: write down all three
premisses and apply modus ponens twice.

Proof. Assume that S+ (p = ¢). Write down a proof of p = ¢ from S and add
the following two lines to obtain a proof of ¢ from S U {p}:

P (premiss)
q (MP)

Conversely, assume that S U {p} F ¢ and let ¢1,t9,...,t, = g be a proof of ¢
from S U {p}. We show that S proves p = t; for each i by induction. Then in
particular, S proves p = ¢ and we are done.

Case 1: If ¢; is an axiom or t; € S, then

t; = (p = ti) (Al)
t; (axiom or premiss)

is a proof of p = ¢; from S.
Case 2: If t; = p, then S+ (p = t;) since - (p = p) (Example 2 above).

Case 3: Finally, if there exist j, k < i such that t, = (t; = t;), then by induction
hypothesis, there are proofs of p = ¢; and p = (¢; = ¢;) from S. Adding the
lines

(p=t=t)=(p=1) = (=>t) (A2)
(p=1t;) = (p=1t) (MP)
we obtain a proof of p = ¢; from S. O

Our aim is to prove the Completeness Theorem: S F ¢ if and only if S |= ¢.
This is made up of soundness (if S ¢ then S |=t) and adequacy (if S |= ¢ then
Stt).



Soundness says that our notion of proof is sound: it doesn’t lead to absurd
conclusions. Adequacy says that our notion of proof is sufficiently strong to
prove from S every semantic consequence of S.

Proposition 3. (Soundness Theorem) Let S C L and ¢t € L. Then S ¢
implies S = t.

Proof. Let ty,ta,...,t, = t be a proof of ¢t from S. Let v be a model of S.
We show that v(¢;) = 1 for all ¢ by induction. Then in particular, v(t) = 1, as
required.

If ¢; is an axiom, then v(¢;) = 1 since axioms are tautologies. If ¢; is a
premiss, then v(¢;) = 1 since v is a model of S. Finally, if there exist j,k < i
such that ¢, = (¢t; = t;), then v(¢t;) = v(t; = t;) = 1 by induction hypothesis,
and hence v(t;) = 1. O

Definition. Let S C L. Say S is inconsistent if S L; otherwise S is consis-
tent.

Note. A special case of adequacy: S |= L implies S+ L, i.e., if S has no model,
then S is inconsistent. Equivalently, if S is consistent, then S has a model.

Theorem 4. (Model existence lemma) Let S C L. If S is consistent, then
S has a model.

Idea. Note that if S+ ¢, then S =t (soundness), so v(t) = 1 for every model

v of S. So we could try
1 ifSkt¢
v(t)z{l ’

0 otherwise.

However, this doesn’t work. It is possible to have ¢t € L with S/t and S I/ —t.
So we could try to enlarge S by adding either ¢ or —t for every ¢ € L, while
keeping S consistent.

Proof. We present the proof in case the set P of primitive propositions is count-
able. The general case will be presented in Chapter 3. Note that if P is count-
able, then so is L1 = P U {Ll}. It follows by induction that L, is countable
for every n € N, and hence L = |J,, L, is also countable. We enumerate L as
t1, b ts, ...

Next observe that if S C L is consistent and ¢ € L, then either S U {t} or
SU{-t} is consistent. Indeed, if SU{t} F L and SU{=t} F L, then S+ -t by
the Deduction Theorem, which in turn implies that S+ L by modus ponens —
a contradiction.

We now start with a consistent S C L, set Sg = S and define S,, C L for
each n € N inductively as follows. Having defined S,,_1 and assuming S, _1 is
consitent, we let S,, be either S,,_1U{t,} or S,,_1U{—t, } whichever is consistent.
Finally, we let S = Un>0 Sh.

By construction, for each t € L, either ¢ € S or -t € S§. We note the following
two properties of S.

S is consistent: if S+ L, then since proofs are finite, we have S, - L for some
n — a contradiction.



S is deductively closed: if S+t thenteS. Indeed, if ¢ ¢ S, then -t € ,§,_ It
follows that S proves both ¢t and —¢, and hence S F L contradicting that S is
consistent.

We now define v: L — {0,1} by
1 ifteS
v<t>={ e

0 otherwise.
We show that v is a valuation on L. It will then follow that v is a model of S
completing the proof.

Firstly, v(L) = 0 since 1 ¢ S as S is consistent. Next, we examine v(p = q)
for arbitrary p,q € L.

Case 1: v(p) = 1 and v(q) = 0, ie p € S and ¢ ¢ S. We need to show that
v(p = q) = 0. If not, then (p = ¢) € S. Then the sequence

D (premiss)
p=q (premiss)
q (MP)

is a proof of ¢ from S. Since S is deductively closed, it follows that ¢ € S —
contradiction.

Case 2: v(g) = 1,ie q € S. We need to show that v(p = ¢) = 1, i.e., that
(p = q) € S. The sequence

q (premiss)
q= (p=q) (A1)
p=q (MP)

is a proof of (p = ¢) from S. Since S is deductively closed, it follows that
(p=4q) €S

Case 3: v(p) = 0, ie p ¢ S. We need to show that v(p = ¢) = 1, i.e., that
(p = q) € S. As in previous cases, since S is deductively closed, it is enough to
show that S F (p = q), which is equivalent to showing that S U {p} I ¢ by the
Deduction Theorem. Note that —=p € S. The following then is a proof of ¢ from

Su{p}.

D (premiss)
—p (premiss)
1 (MP)
1= (-g=1) (A1)
——q (MP)
g = q (A3)
q (MP).

O

Corollary 5. (Adequacy Theorem) Let S C L and ¢t € L. If S = ¢, then
Skt



Proof. If S = t, then SU{-t} = L. Hence by Theorem 4, we have SU{—t} F L,
which in turn implies S F ——t by the Deduction Theorem. We now obtain a
proof of ¢t from S by adding the following lines to a proof of ==t from S.

-t =t (A3)
t (MP).

O

Theorem 6. (Completeness Theorem) Let S C L and ¢t € L. Then S ¢
if and only if S I ¢.

Proof. ‘If’ is soundness (Proposition 3).

‘Only if’ is adequacy (Corollary 5). O

Corollary 7. (Compactness Theorem) Let S C Land ¢t € L. If S |= ¢, then
there is a finite subset S’ of S such that S’ = t.

Proof. Trivial if ‘=’ is replaced with ‘-’ since proofs are finite. O

Note. This is highly non-trivial without completeness. A special case of Corol-
lary 7 is the following.

Corollary. Let S C L. If every finite subset of S has a model, then S had a
model.

Proof. If S does not have a model, then S = L. By Corollary 7 there is a finite
subset S” of S such that S’ = L. O

Remark. Sometimes Corollary 7 is called the Compactness Theorem. It implies
Corollary 7. Indeed, assume that S |=¢. Then SU{—t¢} = L. By Corollary 7
there is a finite subset S’ of S such that S" U {—t} = L, and thus S’ = ¢.

Corollary 8. (Decidability Theorem) Let S C L be a finite set and t € L.
Then there is an algorithm that determines in finite time whether S F ¢ or not.

Proof. Trivial if ‘F’ is replaced with ‘=’ by simply writing out a truth table S
for the 2™ possible values of the primitive propositions appearing in members
of S, where n is the number of such propositions. O

Remark. If S F ¢, then a proof can be found in finite time: by writing out all
proofs from S, we will eventually arrive at t. However, this algorithm does not
terminate if S I/ ¢.



2 Well-Orderings and Ordinals

A linear order or total order on a set X is a relation < on X that is
(i) drreflezive: —(x < z) for all x € X.
(ii) transitive: ((x <y)A(y <z)) = (z <z) for all z,y,z € X.
(iii) trichotomous: (x <y)V(x=y)V (y <z) for all z,y € X.
We will say ‘X is linearly ordered by <’ or simply ‘X is a linearly ordered set’.

Note. In (iii) exactly one of the three possibilities hold. E.g., if 2 < y and
y < x, then & < x by (ii), which contradicts (i).

Examples. N, Z, Q and R in the usual order. Note that N = {1,2,3,...}.

Note. For a set X of size at least 2, the relation on the power set PX of X (the
set of all subsets of X) defined by a < b if a C b and a # b is not trichotomous.
Note that a C b means: (z € a) = (z € b) for all € X, which includes the
case a = b.

Notation. We write ‘x > y’ for ‘y < 2’ and ‘x <y’ for ‘c <y or x = y’. Then
<is

(i) reflevive: v <z for all z € X
(i) antisymmetric: ((z <y)A(y<z)) = (z=y) forallz,y e X

) = (z<2) forall z,y,z€ X

/N
w

(iii) transitive: ((z <y) A (y
(iv) trichotomous: (x < y)V (y < x) for all z,y € X.

Note. If X is linearly ordered by <, then any subset Y of X is linearly ordered
by < (or, more precisely, by the restriction of < to Y).

Definition. A well-ordering of a set X is a linear order < on X such that every
non-empty subset of X has a least element:

(VSCX)(S#£0= (BzeS)(VyeS)(z<y))

Note that the least element is unique by antisymmetry.

We will say ‘X is well-ordered by <’ or simply ‘X is a well-ordered set’.

Examples. N is well-ordered by the usual order.
Z, Q and R are not (e.g., they have no least element).
The subset [0,00) of R does have a least element, but it is not well-ordered:

e.g., the subset (0,00) has no least element.

Note. A subset of a well-ordered set is well-ordered. We will see that Q has a
rich collection of well-ordered subsets.

Definition. Two linearly ordered sets X and Y are order-isomorphic if there
is a bijection f: X — Y that is order-preserving: z < y implies f(z) < f(y).



We say f is an order-isomorphism. Note that f~! is also an order-isomorphism,
and thus ¢ <y <= f(z) < f(y).

Note. If the linearly ordered sets X and Y are order-isomorphic, and X is
well-ordered, then so is Y.

Examples. N and Q are not order-isomorphic.

Q and Q\ {0} are order-isomorphic.

A={L 22 . }is order-isomorphic to N (n > )

B = AU {1} is well-ordered, not order-isomorphic to N.

C = AU {2} is order-isomorphic to B.

D = AU (A+1) is well-ordered, not order-isomorphic to A or B.

Definition. A subset I of a linearly ordered set X is an initial segment of X
ifx €l and y < x implies y € I.

Examples. {1,2,3,4} is an initial segment of N, {1,2, 3,5} is not.
The real interval (0,1) is an initial segment of (0, 00).
In general, for every x € X, the subset I, = {y € X : y < x} is a proper initial

segment of X by transitivity. Not every proper initial segment of X is of this
form in general (e.g., the subset (—o0, 1] of R).

Note. If I is a proper initial segment of a well-ordered set X, then I = I, for
x the least element of X \ I. Indeed, if y € I, then y < x, so y € I by choice
of z. f y € I and = < y, then x € I as [ is an initial segment — contradiction,
soy € I,.

Lemma 1. Let X and Y be well-ordered sets, I be an initial segment of Y
and f: X — I be an order-isomorphism. Then f(z) is the least element of
Y\{f(y) : y <z} for every z € X.

Proof. The set A =Y \ {f(y) : y < x} is not empty since f(x) € A. Let a be
the least element of A. Then a < f(z) and f(z) € I, so a € I. Thus a = f(2)
for some z € X. We need to show that z = x.

Since f(z) =a < f(x), it follows that z < = as f is order-preserving.

If z < x, then f(z) ¢ A by definition of A, which contradicts the choice of a.
Thus, z = x as required. O

Proposition 2. (Proof by induction) Let X be a well-ordered set and S C X
such that for every x € X the following holds: if y € S for all y < x, then x € S.
Then S = X.

Note. Assume that S is defined in terms of a property p: S ={z € X : p(x)}.
Then Proposition 2 says:

(va)([(Vy < 2)p(y)] = p(2)) = (Y2)p(a)

The ‘base case’ (p(x) for the least element x of X) is included in the assumption
{(Vy <2)p(y)] = pl)".

10



Proof. Is S # X, then X \ S has a least element z, say. For y < x, we have
y € S by choice of z. It follows from the assumption on S that x € § —
contradiction. O

Remark. We next show an example of how induction is used.

Proposition 3. Let X and Y be well-ordered sets that are order-isomorphic.
Then there is a unique order-isomorphism from X to Y.

Note. This is false in general for linearly ordered sets. E.g., from Z — Z we
have n +— n or n — n + 17; from [0,0) — [0, 00) we have z + z or x ~ z2.

Proof. Let f,g: X — Y be order-isomorphisms. We show (Vz)(f(x) = g(x))
by induction.

Let € X and assume that f(y) = g(y) for all y < x (the induction hypothesis).
We need to show that f(z) = g(x). By Lemma 1, f(x) is the least element of
A=Y \{f(y) : y <z}, and g(x) is the least element of B =Y \{g(y) : y < z}.
By the induction hypothesis, A = B, and hence f(z) = g(z).

Remark. Induction allows us to prove things. We will also need a tool to
construct things: recursion. We first recall that a function from a set X to a
set Y is a subset f of X x Y such that

(i) for all z € X there exists y € Y with (x,y) € f;
(ii) forallz € X and y,z € Y, if (z,y) € f and (z,2) € f, then y = 2.

We of course write ‘y = f(x) for ‘(z,y) € f and say that ‘f maps x to y’.
Note that f € P(X x Y).

For Z C X, the restriction of f to Z is flz= {(x,y) € f: x € Z} which is a
function Z — Y. Note that f[ is a subset of Z x Y, and so in particular f|z
is also an element of P(X x Y).

Theorem 4. (Definition by recursion) Let X be a well-ordered set and YV
an arbitrary set. Then for every function G: P(X x Y) — Y there is a unique
function f: X — Y such that f(x) = G(f]r,) for all z € X.

Proof. Say h is an attempt if h is a function I — Y, where I, the domain of h
denoted dom(h), is an initial segment of X such that h(z) = G(h[,) for every
x € dom(h) (note that € dom(h) implies I, C dom(h)). We need to show
that there is a unique attempt whose domain is X.

We first show that if h, ' are attempts then h(z) = h/(z) for all z € dom(h) N
dom(h’). We prove this by induction. Fix z € dom(h) N dom(h’) and assume
that h(y) = h'(y) for all y < z (induction hypothesis). Then hl; = h'[;,, and
thus h(z) = G(h|r,) = G(K'I1,) = b/ ().

We complete the proof by setting f = (J{h : his an attempt}. Then f is
a function since for any z € dom(f), the value h(x), where h is an attempt

defined at x, is independent of h by what we showed above.

11



The domain of f is the union |J{dom(h) : h is an attempt}, and thus dom(f)
is an initial segment of X.

For any x € dom(f), there is an attempt h such that f(x) = h(zx
that f(y) = h(y) for all y < z, and hence f(x) = h(z) = G(h[L,)
Thus, f is an attempt.

Finally, assume that dom(f) # X. Then dom(f) = I, for some z € X. In

particular, there is no attempt defined at x. However, f U {(z,G(f)} is an
attempt defined at x. Thus, f is defined on the whole of X. O

h(z). Tt follows
= G(fI1)-

Proposition 5. (Subset collapse) Let Y be a well-ordered set and X C Y.
Then X is order-isomorphic to a unique initial segment of Y.

Proof. For uniqueness, assume that f is an order-isomorphism from X to an
initial segment of Y. By Lemma 1, we have

fl@) =min (Y \{f(y): y€ X, y <a}) .
It follows by induction that f is uniquely determined.

For existence, we may assume Y # (). Fix yg € Y and define f: X — Y by
recursion as follows:

f() min (Y \{fly):ye X, y< x}) if this exists,
€Tr) =
0 otherwise.

We first show that the ‘otherwise’ clause never arises by showing that f(z) < x
for all z € X. Indeed, fix z € X and assume that f(y) < y holds for all y € X
with y < . Then 2 € Y\ {f(y) : vy € X, y < z}, and hence f(z) < z. The
claim follows by induction.

Given y < z in X, since
f@)eY\{f(r):zeX, z<z} CcY\{f(z): z€ X, 2<vy},
it follows that f(y) < f(z). Thus, f is order-preserving.

Finally, assume that a € Y \ im(f). We show by induction that f(x) < a for all
2 € X, which shows that im(f) is an initial segment of Y. Fix € X and assume
that f(y) < aforally € X withy <z. Thena € Y\ {f(y): y € X, y < z},
and thus f(x) < a, as required. O

Remark. It follows from Proposition 5 that a well-ordered set X is not order-
isomorphic to any proper initial segment of X.

Notation. For well-ordered sets X, Y, we write X <Y if X is order-isomorphic
to an initial segment of Y.

Theorem 6. Let X,Y be well-ordered sets. Then either X <Y or Y < X.

Proof. Assume that Y € X. Then in particular, Y # (). Fix yg € Y and define
f+ X — Y by recursion as follows.

f2) = {min (Y\{f(y): y <a}) if this exists,

0 otherwise.

12



If the ‘otherwise’ clause ever arises, then let x be the least element of X for
which this happens. Then f(I,) =Y and for y < z the ‘otherwise’ clause does
not arise in the definition of f(y). It follows as in the proof of Proposition 5
that f is an order-isomorphism from I, to Y contradicting ¥ € X. Hence
the ‘otherwise’ clause never arises, and then it follows again as in the proof
of Proposition 5 that f is an order-isomorphism from X to an initial segment
of Y. O

Proposition 7. Let X,Y be well-ordered sets. If X <Y and Y < X, then X
and Y are order-isomorphic.

Proof. Let f: X - Y and ¢g: Y — X be order-isomorphisms to initial segments
of Y and X, respectively. Then g o f is an order-isomorphism from X to an
initial segment of X. By uniqueness in Proposition 5, it follows that go f = Idx,
the identity on X. Similarly, f o g = Idy. O

Remark. What the above shows is that ‘<’ is a linear order (reflexive, anti-
symmetric, transitive and trichotomous) on the collection of well-ordered sets
provided we identify order-isomorphic sets. (We haven’t showed transitivity but
that is straightforward.) It is natural to introduce the corresponding ‘<’ sign
as follows. For well-ordered sets X,Y, write X < Y to mean ‘X <Y and X
not order-isomorphic to Y’. Equivalently, X < Y if and only if X is order-
isomorphic to a proper initial segment of Y. Then ‘<’ is irreflexive, transitive
and trichotomous. A natural question arises: Is the collection of all well-ordered
sets a well-ordered set? We return to this question later in the chapter, but first
show how to build new well-ordered sets from old ones.

There is always another one. Let X be a well-ordered set. Fix z ¢ X
and define XT = X U {2z} well-ordered by extending the well-ordering < on X
by defining z < z for all z € X. Then X is uniquely defined up to order-
isomorphism (i.e., it does not depend on the choice of z) and X < X ™.

Note. For any set X, there is always some z not in X, for example, because
there is no surjection from X to the power set PX by Cantor’s diagonal argu-
ment.

Upper bounds. We next want to show that if {X; : ¢ € I} is a set of well-
ordered sets, then there is a well-ordered set X such that X; < X for all ¢ € I.
For well-ordered sets (X, <x) and (Y, <y), we say Y extends X if X C Y, <x
is the restriction of <y to X (formally, <x=<y N(X x X)) and X is an initial
segment of Y. We say that the set {X; : i € I'} is nested if for all ¢, j € I, either
X; extends X; or X; extends Xj.

Proposition 8. Let {X; : ¢ € I} be a nested set of well-ordered sets. Then
there is a well-ordered set X such that X; < X for all i € 1.

Proof. Set X = |J;c; X and for 2,y € X set v < y if and only if there exists
i € I with z,y € X; and z <; y, where <; denotes the well-ordering of X;.
From the assumption that the X; are nested, it follows that < is a well-defined
linear order on X and each X; is an initial segment of X.
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Given a non-empty subset S C X, we have SN X; # 0 for some ¢ € I. Since X;
is well-ordered, S N X; has a least element x. Since X; is an initial segment of
X, it follows that x is a least element of S. O

Remark. The same result holds without the assumption that the X; are nested
(see Chapter 5).

Ordinals

Definitions. An ordinal is a well-ordered set with two ordinals regarded the
same if they are order-isomorphic. The order-type of a well-ordered set X is the
unique ordinal to which X is order-isomorphic.

Remark. The formal definition of ordinal will be given in Chapter 5. For now
you can view the word ordinal as shorthand for identifying well-ordered sets
that are order-isomorphic. The results in this chapter can be expressed purely
in terms of well-ordered sets.

Examples. For k € {0} UN we write k for the order-type of a well-ordered set
of size k. We let w denote the order-type of N (same as order-type of {0} UN).
Note that in Q, the set A = {%7 %7 %7 ... } also has order-type w.

Definition. Let a, 8 be ordinals and X, Y be well-ordered sets with order-types
«, B3, respectively. We write a < S of X <Y and a < g if X < Y. Similarly,
we write o for the order-type of X .

Note. The notions above are well-defined, i.e., they don’t depend on the choice
of X and Y. For arbitrary ordinals «, 3, we have either o < S or 8 < «
(Theorem 6), and if « < § and 8 < «, then a = 8 (Proposition 7).

Theorem 9. Let a be an ordinal. Then the ordinals strictly smaller than o
form a well-ordered set of order-type a.

Proof. Fix a well-ordered set X with order-type a and form the set
X'={Y C X : Y is an initial segment of X} .

Then X' is linearly ordered by the relation < by Propositions 5 and 7 and by
Theorem 6. The map z + I is an order-isomorphism from X to X’, and thus
X'’ is well-ordered with irder-type a. The set

{order-type(Y) : Y € X'}

is then a well-ordered set consisting precisely of all ordinals strictly less than
Q. O

Note. It is natural to denote the set of ordinals {8 : 8 < a} by I,. It is an of
a well-ordered set of order-type a.

Proposition 10. A non-empty set S of ordinals has a least element.
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Proof. Fix a € S. If v is not a least element of S, then SN I, # @. Then SN I,
has a least element 8 by Theorem 9. Since I, is an initial segment of ordinals,
it follows that [ is a least element of S. O

Theorem 11. (Burali-Forti paradox) The ordinals do not form a set.

Proof. Assume that the ordinals do form a set X. Then X is well-ordered by
Proposition 10. Let a be the order-type of X. Then I, is a proper initial
segment of X that is order-isomorphic to X contradicting Proposition 5. O

Remark. Let S = {a; : @ € I} be a set of ordinals. Applying Proposi-
tion 8 to the nested set {I,, : i € I}, we obtain an ordinal « that is an
upper bound for S. A minimal element of the non-empty set {8 € I, U {a} :
B is an upper bound for S}. of ordinals is a least upper bound for S denoted
sup S. It is easy to see that if « = sup S, then I, = ;¢ Ia,-

Examples. We now list further examples of ordinals. We have already seen
0,1,2,...,w. Note that w = sup{0,1,2,...}. The next ordinal is w™ which we
write as w + 1. For now this is just notation but it is consistent with ordinal
addition defined later in this chapter. We then have w + 1,w + 2,.... It is
natural to denote sup{w,w + 1,w +2,...} by w + w or by w-2. The latter
notation is consistent with ordinal multiplication defined later in the chapter.
We continue with a few more ordinals.

0, 1, 2, 3,... w, w+1 (officially wt), w+ 2 (officially w*™), w+3, ...
w+w =w-2 (officially sup{w, w+1, w+2, ...}), w-2+1, w-242, w-2+43,

Lwe3, . wd w5, wew = w? (officially sup{w, w-2, w-3, ...}), w2+1,

W42, W tw, WHwHl, L wi w2, L WP we 3, L W W = w? 2,
w241, . w? 24w, o w?e 3, W, Wt wBe2, W,
wh oW L w? (officially sup{w, w?, w3, ...}, oo w2 L w3, L
W = et et et w2 W e e = (@)
w22 w23 w3 w? w® w“’2 w“’3 W

w e w" w® w* w* wv w* w*

. €0 — (officially sup{w, w*, w*", ...}), eo+1, €0 +2, ... g0 +w,

_ _ 2 3 2
L E0FTE0=¢€0"2, ... €03, ... EQ W, ... EQEQ)=Ef, «-- Qs +-- EGy oo EG
. -0 .50
w3 w W= — €0 o’ €o _ %
LEG, . €, - €D e T , -..E2,
S E3y -aa€uwy ee Eegy wer Eegy ven Eeg 5 ee

Note. All the ordinals above are countable! By this we mean, of course, that
they are order-types of countable well-ordered sets.
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Questions. Does there exist an uncountable ordinal? I.e., does there exist an
uncountable well-ordered set? Can we well-order R?

Theorem 12. There exist an uncountable ordinal.

Idea. If there is an uncountable ordinal, then there is a least one, a say. Then
1., is the set of countable ordinals, i.e., the set of order-types of well-orderings
of subsets of N.

Proof. We can form the set
A={(M,R) e PNxP(NxN): Ris a well-ordering of X}
of well-orderings of subsets of N. Then the set
B = {order-type(X) : X € A}

consists of all countable ordinals. Set wy; = sup B. If w; is countable, then so is
wi, and hence wi” € B. Tt follows that wi” < w;, which is a contradiction. [

Note. The ordinal w; constructed in the proof above is the least uncountable
ordinal. Every proper initial segment of w; is countable. If ay,as,... are
countable ordinals, then so is sup{ay, as, ... } being the order-type of | J,,cx 1, -
(Here we are using the fact that a countable union of countable sets is countable.)

Theorem 13. (Hartogs’ Lemma) For every set X, there is an ordinal
which does not inject into X.

Proof. This is a generalisation of Theorem 12. We form the set B of order-types
of well-orderings of subsets of X. We let v = (sup B)™. If there is an injection
from v to X, then this induces a well-ordering on a subset of X with order-type
~. Thus, v € B, and so v < sup B < v — contradiction. O

Types of ordinals. Let o be an ordinal. We have two cases according to
whether a (or, more precisely, any well-ordered set of order-type «, e.g., 1)
has a greatest element or not.

If 1, has greatest element S, then I, = Iz U {8}, and hence o = 7. In this
case, we say « is a successor ordinal. Note that in this case § = sup [, < a.

If I, has no greatest element, then a = sup I, and we say « is a limit ordinal

Examples. Rather trivially, 0 is a limit ordinal, whereas 1 = 0" is a successor.
Any ordinal n with 0 < n < w is a successor since any non-empty, finite well-
ordered set has a greatest element. Since w = sup{n: n < w} is a limit and w™
is a successor.

Ordinal Arithmetic. For ordinals «, 8, we define o + 8 by recursion on §,
with « fixed, as follows.

a+0=«

a+pt=(+p)"
a+A=sup{a+p8: B <A} for a non-zero limit ordinal A .
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Remark. Technically, since the ordinals do not form a set, we need to fix an
ordinal vy and define a4+ 8 for 8 < 7y by recursion in the well-ordered set I.,. The
definition is then independent of « by uniqueness of recursion. This justifies the
recursive definition above and others given below.

In a similar way, induction on ordinals works even though ordinals do not form
a set. Indeed, assume p is a property of ordinals. Then

(V) ((VB)((B < a) = p(B)) = p(a)) = (Va)p(e)

since otherwise we have —p(+y) for some 7 and the non-empty set {8 < v : —p(8)}
has a least element «. By minimality, we then have (V 5)((8 < «) = p(8)) which
implies p(«) by above — a contradiction.

Examples. a+1=a+0" = (a+0)T = a™ for every ordinal a.

m+0=mand m+ (n+1)=m+nt = (m+n)" = (m+n)+1 for any
m,n < w. This is the usual inductive definition of integer addition.

w+1=w" by above,and sow+2=w+ 1" = (w+1)T =wt.
wHw=sup{fw+n: n<w}=sup{w,w+Lw+2 ...}

l14w=sup{l +n: n < w}=-sup{l,2,3,...} = w # w+ 1. Thus ordinal
addition is not commutative.

Proposition 14. 5 < v implies a + § < a + 7.
Proof. We proceed by induction on 7 with « fixed. We consider three cases.
y=0:if <y, then B=0,s0a+F=a+7=aqa.

v = 0T is a successor: if 8 < -, then either 8 = ~ and the result is clear, or
8 < 6§, and so by induction,

at+f<ati<(a+d)T=a+4.

v is a non-zero limit ordinal: if S < v, then again we can assume that g < 7,
and so § < d for some § < v by the definition of a limit ordinal. It follows by
induction that

a+f<a+di<a+y.

O

Remark. It follows directly from the result above that § < v implies o + 5 <
a + . Indeed, we have 8% < ~, and hence

a+p<(a+pB) T =a+8"<a+y.

Note, however, that 8 < « does not imply 8 + o < v + « in general. For
example, 1 < 2 but 1 +w = 2+ w = w. On the other hand, 5 < v does imply
B+ a < v+ « (by induction on «).
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Lemma 15. Let S be a non-empty set of ordinals. Then
a+supS=sup{a+p: 5e€S}

for any ordinal «,

Proof. Put T ={a+p5: € S}.

For g € S, we have 8 < sup S, and hence a4+ 5 < a+ sup S by Proposition 14.
It follows that supT < a+sup S.

To show the reverse inequality, first assume that S has a greatest element ~.
Then v = sup S, and a + +y is also the greatest element of T by Proposition 14.
It follows that supT = a+v=a+supS.

Now assume that S has no greatest element. Then A = sup S is a non-zero limit
ordinal. Indeed, A ¢ S as S has no greatest element, and so S C I, which
implies that A\ = sup .S < sup [y, so I, has no greatest element. Next, given
~v < A, there exists § € S with v < 8. Hence a +v < a+ 8 <supT. It follows
that

a+supS=a+A=sup{la+v:y<A}<supT.

Proposition 16. o+ (8+7) = (a + 5) + 7.

Proof. We proceed by induction on v with «, 5 fixed. As usual, there are three
cases.

vy=0:a+(+0)=a+p=(a+p)+0.
~ = 07T is a successor: Then by induction, we get

at(BrnN=a+B+o)T=la+B+0)] =[a+8)+d =(a+8) +r.

~ is a non-zero limit: Then using Lemma 15 and induction, we get
a+ (B+7y)=a+sup{f+d: 0 <~}
=sup{fa+ (B+6): 6 <~v}
—sup{(a+B)+0): 6 <7} =(a+B) +7 .
O

Remark. The definition of ordinal addition we gave above is called inductive
definition. We now give an alternative.

Synthetic definition of ordinal addition. For well-ordered sets X,Y, we
write X UY for X x {0} UY x {1} (the disjoint union of X and Y’) well-ordered
by the relation

either i=j=0and x <yin X
(z,i) < (y,j) < <or i=j=landz<yinY
or 1=0,7=1.
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Informally, X comes before Y. For ordinals «, 8, we define o + 8 to be the
order-type of o U 8 or, more precisely, the order-type of X LI'Y, where X is a
well-ordered set of order-type o and Y is a well-ordered set of order-type 5.

Remark. In a moment we show that the synthetic and inductive definitions
coincide. For now, observe that a+1 = o for any ordinal a holds by definition.
Also, associativity is easy in the synthetic definition, since X U (Y U Z) is order-
isomorphic to (X UY) U Z for any well-ordered sets X,Y,Z. The inequality
a+ B < a+- for B < v also follows easily since if Y is an initial segment of Z,
then X LY is an initial segment of X U Z.

Proposition 17. The synthetic and inductive definitions of ordinal addition
coincide.

Proof. Let us temporarily write o+ 3 for the synthetic definition while keeping
a + f for the inductive definition of addition. We prove o + 8 = o + 3 by
induction on 8 with « fixed.

B=0: a+0=a=order-type(a LI0) = a+ 0.

B =07 is a successor: by induction, we have o+ 3 = (a+ )T = (a+68)". The
latter is the order-type of (U ¢) U 1 which is order-isomorphic to o LU (6 U 1).
Thus, o+ B8 =a+ 6" =a+ 3.

[ is a non-zero limit: By induction we have
a+B=sup{la+d: §<B}=sup{at+d:d<pb}.

For 6 < 8, a+ ¢ is the order-type of ol J, and the supremum of the nested set
{ald: 6 < B} of well-ordered sets is (J;_5(alId) = a8 which has order-type
a + B. This completes the proof that o + 8 = a + 3 in this case. O

Ordinal multiplication. As for addition, we give an inductive and a synthetic
definition. We start with the former: we define « - § by recursion on :

a-0=0
a.6+:a.6+a
a-A=sup{a-d: § <A} for a non-zero limit ordinal \ .

For the synthetic definition, we first define the product X x Y of well-ordered
sets to be their Cartesian product well-ordered as follows:

either y<vinY

(z,9) < (u,v) <= {

or y=vand x <wuin X .

We then define a-( to be the order-type of ax 3 or, more precisely, the order-type
of X xY, where X is a well-ordered set of order-type o and Y is a well-ordered
set of order-type §. It is then straightforward to verify (by induction on ) that
the two definitions coincide.

Examples. For m,n < w, m-0=0and m-(n+1) =m-nt =m-n+m,
which is the usual inductive definition of integer multiplication.
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w2=w-l1T=wl4w=w-0"T+w=(w-0+w) +w=w+w.
2-w=sup{2-n: n <w}=w. So ordinal multiplication is not commutative.

Properties. The following can be verified either by induction on « or by using
the synthetic definition.

a(By) = (aB)y
BLy=aB <ay.
B < v = af < ay provided o > 0.

B<y= Pa<ya.

Note, however, that the last inequality cannot be strengthened. E.g., 1 < 2 but
lw=2 w=w.

Exercise. Which, if any, of the following distributive laws hold: «(8 + ) =
af + ay and (a + )y = ay + 577

Ordinal exponentiation. We define o by recursion on 3:
a’=1
o =af
o =sup{a’: § < A} for a non-zero limit ordinal A .
A synthetic definition also exists.
Examples. For m,n < w we recover the usual meaning of m".
2 1t 1 ot

w=w =ww=w w=_1w w=ww

2¢ = sup{2" : n < w} = w is countable!

An application to Functional Analysis (non-examinable)

Remark. This section is for those who attended the Part II Linear Analysis
course in the Michaelmas Term.

Fact. Every separable Banach space embeds isometrically into the separable
Banach space C0,1] of continuous functions on [0,1] with the uniform norm.
Thus, the class SB of all separable Banach spaces has a universal element: there
is a member Z of SB that contains isomorphic (or, in this case, even isometric)
copies of every other member of the class.

Question. Does the class SR of separable reflexive spaces have a universal
member?

Solution by W. Szlenk. Szlenk introduced an ordinal index, known today as
the Szlenk index, which associates and ordinal Sz(X) to every Banach space X.
This has the following key properties.
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(i) Sz(X) < wy and furthermore, Sz(X) < w; if and only if the dual space X*
of X is separable;

(ii) if the Banach space X isomorphically embeds into the Banach space Y,
then Sz(X) < Sz(Y);

(iii) for every countable ordinal «, there exists a separable, reflexive Banach
space X, such that Sz(X,) > a.

It follows immediately that the answer to the question posed above is ‘no’.
Indeed, if Z is a universal member of the class SR, then each X, embeds iso-
morphically into Z. Then by property (ii) above, Sz(Z) > « for all countable
ordinal a. Thus, Sz(Z) = w, which implies that Z* is not separable by prop-
erty (i). Since Z is reflexive, Z** = Z is separable, and hence Z* is separable (as
the dual of a space is always at least as ‘big’ as the space itself) — contradiction.

END OF NON-EXAMINABLE SECTION
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3 Posets and Zorn’s Lemma

Definition. A partial order on a set X is a relation < on X that

reflexive: x < x for all x € X;
antisymmetric: if v <y and y < x, then z =y for all z,y € X

transitive: if x <y and y < z, then x < z for all z,y,z € X.

We then define z < y to mean x < y and = # y for z,y € X. Then < is a
relation on X that is irreflexive and transitive.

Definition. A partially ordered set or poset is a set with a partial order on it.

Examples. 1. Any linearly ordered set is a poset.
2. On N letting a < b iff a|b is a partial order.
3. For any set S, the power set X = PS is a poset with a < b iff a C b.

4. Any subset of a poset is a poset by restricting the partial order to the subset.
E.g., if G is a group, then the subset {H C G : H a subgroup of G} of PG is a
poset.

5. This is an example of a poset given by a Hasse diagram:

f
X: {a,b,C,d,@,f}
d e
a<b a<c b<d, c<d, c<e, d< f,e<f
X and all consequences by transitivity
c

a

In general, a Hasse diagram of a poset X is a drawing of the points of X with
x joined to y with an upward line if y covers x meaning: x < y and there is no
z with x < z < y.

For example, here are drawings of P{1,2} and P{1, 2, 3}.

{1,2,3}

{1,2} {1,3} {2,3}

{1} {2} {3}

Q has no Hasse diagram as there is no z,y € Q such that y covers x.

6. The following Hasse diagram shows that unlike in the previous examples, in
general there is no sensible notion of ‘height’ or ‘rank’ in a Hasse diagram.
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e

d If the ‘height’ of a, ¢, d, e is 0, 1,2, 3, respectively, then
b
" what should be the ‘height’ of b?

a
7. d e
A I There needs to be no relation between different parts.
a c
8. e p o s There needs to be no relation at all other than what is

necessary by reflexivity.

Definition. A subset S of a poset X is a chain if it is linearly ordered by the
partial order of X.

Examples. 1. Every subset of a linearly ordered set is a chain.

2. Every subset of a chain in a poset is a chain.

3. In N with a < b iff a|b, the set {1,2,4,8,...} of powers of 2 is a chain.

4. The set {0,{1},{1,2},{1,2,3}} is a chain in P{1, 2, 3}.
5. In the poset e
¢}
b {a,¢,d, e} is a chain.
C
a

6. The set {(—o0,2) NQ: = € R} is an uncountable chain in PQ.

Definition. A subset S of a poset X is an antichain if no two members of S
are related: for all x,y € S, if z <y, then x = y.

Examples. 1. In a linearly ordered set, there is no antichain of size > 1.

2. In N with a < b iff a|b, the set of primes is antichain.

3. inP{1,2,...,n}, the family F, = {A C {1,...,n}: |A| = k} is an antichain
for each £ =0,1,...,n.

4. In f

{b,c} and {d, e} are antichains.
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5. In e 2 the whole set {a, b, c,d} is an antichain.

Definition. Let X be a poset, S C X and =z € X.
x is an upper bound for S if y <z forally € S.

x is a least upper bound or supremum for S if x is an upper bound for S and
x < y for every upper bound y for S.

If a supremum for S exists, it is unique and is denoted sup S or \/ S.

Examples. 1. If S C PX, then supS =J{4: A € S}.
2. In R, sup(0,1) =1 and sup[0,1] = 1.
3. In Q, the set {x : 22 < 2} has an upper bound, e.g., 2, but it has no

supremum.
4. In the poset e

b<> sup{a,b,c} =e.

a

d

5. In the poset c

d
C
a l
d e
A I {b, ¢} has no upper bounds.
a C

Definition. A poset X is complete if every subset of X has a supremum.

{a, b} has upper bounds ¢, d but

{a, b} has no supremum.

6. In the poset

Examples. 1. The real interval [0,1] in the usual order is complete.
2. R is not complete; e.g., R has no upper bound.

3. [0,2] N Q is not complete; e.g., {z : 2 < 2} has no supremum.

4. For any set S, the power set X = PS is complete.

Note. If X is complete, then X has greatest element sup X and least element
sup @. In particular, X is non-empty.

Definition. A function f: X — Y between posets X and Y is order-preserving
if f(x) < f(y) whenever < y.

Examples. 1. f: N—= N, f(n)=n+ 1.
2. f:P(S) = P(S), f(A) = AU B, where B C S is fixed.
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Note. If f: X — Y is order-preserving and injective, then z < y implies
f(z) < f(y). The converse holds if X is linearly ordered.

Theorem 1. (Knaster—Tarski fixed point theorem) Let X be a complete
poset and f: X — X order-preserving. Then f has a fixed point.

Proof. Set S ={r e X : z
z < z, and hence z < f(z) <
z < f(2). Tt follows that f(z)

< f(z)} and let z = supS. For z € S, we have

f(2). Thus, f(z) is an upper bound for S, and so
< f(f(2)), and so f(z) € S and f(z) < z. O

Corollary 2. (Schréder—Bernstein theorem) Suppose that A, B are sets
such that there are injections f: A — B and G: B — A. Then there is a
bijection h: A — B.

Proof. We seek partitions A = PUQ of A and B = RU S of B such that
f(P) =R and g(S) = Q. If we then define h: A — B by

o) = f(x) ifzeP
Mz) {gl(:z:) ifxe@

then h is a bijection.

To see that such partitions exists, let X = P(A) and define H: X — X by
H(P) = A\ g(B\ f(P)). Then H is order-preserving and X is a complete
poset. Hence by Knaster-Tarski, H has a fixed point P. Setting @ = A\ P,
R = f(P) and S = B\ R, we get the desired partitions. O

Zorn’s Lemma

Definition. Let X be a poset. Say x € X is a mazimal element of X if z <y
implies x = y for every y € X, i.e., there is no y in X such that x < y.

Examples. 1. For a set S, the poset X = P(S) has maximal element X. In
fact, X is a maximum element.

2. In general, a greatest element is maximal, but the converse is false in general.
E.g., in the poset . d

c and d are maximal, but there is no maximum.
a
3. In N with a < b iff a|b, there are no maximal elements.

Theorem 3. (Zorn’s Lemma) Let X be a (non-empty) poset in which every
chain has an upper bound. Then X has a maximal element.

Remark. The empty set is a chain in X, so it has an upper bound by as-
sumption. Thus X # (. However, we sometimes verify the conditions of Zorn’s
lemma by checking that X # () and that every non-empty chain has an upper
bound.
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Proof. Assume that X has no maximal elements. Then for every z € X we
can fix an element 2’ € X with x < 2/. Let us also fix, for every chain C, an
upper bound u(C) for C in X. Let v = v(X) (from Hartogs’ lemma) and define
f:~v — X by recursion as follows:

F) =ul{f(a): a<A}) A # 0 limit.

An easy induction (on 5 with « fixed) shows that f(«) < f(8) for all a < 8. It
follows that f is injective contradicting the choice of ~. O

Remark. Technically, the definition of f(A) above is only valid when {f(«) :
a < A} is a chain, otherwise we should define f(\) differently, e.g., we could set
f(A) = u(0) in that case. Then an easy induction shows that the ‘otherwise’
clause never arises.

Theorem 4. Every vector space V has a basis.

Proof. We seek a maximal (with respect to inclusion) linearly independent set
B. Any such set is a basis, i.e., span V otherwise for any « € V' \ spanB the set
B U {x} is linearly independent contradicting the maximality of B.

Let X = {A C V : Ais linearly independent} partially ordered by inclusion.
Let C = {A; : i € I} be a chain in X. We show that A = |J,c; A; is linearly
independent. Then A is an upper bound for C. So assume that Z?:1 Ajz; =0
is a linear relation on A. For each j = 1,...,n we have z; € A;, for some
i; € I. Since C is a chain, there is a k, 1 < k < n, such that Aij C A;, for each
j=1,...,n. Since A;, is linearly independent, it follows that A; = 0 for all j,
and hence A is linearly independent.

We showed that every chain in X has an upper bound. By Zorn’s Lemma, X
has a maximal element. O

Remarks. 1. A similar argument shows that every linearly independent subset
By of V is contained in a basis B of V.

2. R is a vector space over the field Q. A basis of R over Q is called a Hamel
basis.

3. The real vector space RN of all real sequences has no countable basis. By
Theorem 4, a basis of RY does exist.

4. There are many examples for the use of Zorn’s Lemma in different areas of
mathematics. E.g., the existence of maximal ideals in rings with 1, the existence
of continuous linear functionals in normed spaces, the compactness of a product
of compact topological spaces (Tychonov’s theorem).

We next use Zorn’s Lemma to complete the proof of the Model Existence Lemma,
from Chapter 1 without the assumption that the set of primitive propositions
is countable.
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Theorem 5. Let P be any set_of primitive propositions. Let S C L=L(P)be
consistent. Then there exists S C L such that S C S and for all ¢t € L, either
teSor—tes.

Proof. We seek a maximal consistent set S O S. We then complete the proof as
follows. Given t € L, one of SU{t} and SU{—t} is consistent since otherwise SU
{t} - L and SU{~t} F L, which implies S - =t and S - =—¢ by the Deduction
Theorem, and hence S + L by modus ponens. It follows by maximality of S
that either t € S or -t € S.

Let X ={T'C L: SCT, T is consistent} partially ordered by inclusion. Note
that X # () since S € X. Next, let C = {T; : i € I} be a non-empty chain in
X. We show that T' = | J;c; T; is an upper bound of C. We have S C T (as
C #0)and T; C T for all i € I. So we just need to show that T € X, i.e.,
T is consistent. If T+ 1, then since proofs are finite, there exist iy, ...,4, in
I such that U?:1 T;, = L. Since C' is a chain, for some k = 1,...,n we have
U?:1 T;, = T;, - L — contradiction.

By Zorn’s Lemma, X has a maximal element as required. O

Theorem 6. (Well-ordering principle (WO)) Every set A can be well-
ordered.

Proof. Let X = {(B,R) € PA x P(A x A) : R well-orders B}. We partially
order X by (By,R1) < (Bg, Rp) if and only if By extends By (i.e., By C Bao,
R; = Ry N (B;y x By) and Bj is an initial segment of By).

Note that X # 0 as (0,0) € X. Assume that {(B;, R;) : i € I} is a non-empty
chain in X, i.e., a nested set of well-ordered sets. Then (UZ—GI B;, Uiel Ri) is
an upper bound (cf. Proposition 8 in Chapter 2).

By Zorn’s Lemma, there is a maximal element (B, R) in X. If B # A, then
for any z € A\ B, the extension (B,R)" = (BU{z},RU{(b,z) : b € B})
contradicts the maximality of (B, R). Thus, A = B and R is a well-ordering of
A. O

Example. R can be well-ordered which is surprising.

Remark. In applications of Zorn’s Lemma, like the previous example, the
maximal object whose existence it asserts cannot be described explicitely.

The Axiom of Choice (AC)

Note. In the proof of ZL we used two functions: X — X, x — 2/ € {y €
X :z<y},and u: {C C X : Cisachain} - X with u(C) € {z € X :
x is an upper bound for C'}. These are examples of choice functions. Another
example from IA Numbers and sets: to show that | J, .y An is countable if each
A, is countable, we chose, for each n € N, and injection f,: A, — N.

Axiom of Choice (AC). This is the assertion that for every set X = {4, :
1 € I} of non-empty sets, there is a function f: I — |J..; A; with f(i) € A; for
all i € I, called a choice function for X.

el
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Note. This rule differs in character from other rules for building sets (e.g.,
union, power set) in that the object whose existence it asserts is not unique. It
is therefore it is in general of interest whether a result whose proof uses AC can
be proved without AC. We show in a moment that ZL and WO both need AC.

Remark. We don’t need AC when [ is finite. In this case, the existence of a
choice function can be proved by induction on |I|.

Theorem 7. AC < ZL <— WO

Proof. We have already proved the implications AC=ZL (Theorem 3) and
ZL=WO (Theorem 6). It remains to show WO=AC. Let X = {A4;: i € I} be
a set of non-empty sets. Let Y = J,.; 4; and fix a well-ordering of Y. Define
f: I —Y by letting f(¢) be the least element of A;. Then f is a choice function
of X. O

Exercise. Prove the remaining three implications directly.

Remark. We finish this chapter with some additional material.

START OF NON-EXAMINABLE SECTION

Definition. A poset X is chain-complete if X # () and every non-empty chain
in X has a supremum.

Examples. Every complete poset and every non-empty finite poset is chain-
complete. In general, if X is a poset, then

Y ={C C X : Cis a chain}
partially ordered by inclusion is chain-complete.

Definition. A function f: X — X on a poset X is inflationary if x < f(z) for
allx € X.

Theorem 8. (Bourbaki-Witt fixed-point theorem) If X is a chain-
complete poset and f: X — X is inflationary, then f has a fixed point.

Proof 1 (with AC). By ZL, X has a maximal element z. Then z < f(z), and
hence = = f(z). O

Proof 2 (without AC). Let v = v(X) (from Hartogs’ Lemma). Fix 2o € X
(X # 0) ande define g: v — X recursively as follows:
9(0) = zo
gla™) = f(g(a))
g(A\) =sup{g(e) : @ < A} A # 0 limit
An easy induction shows that g is increasing. (Note that in particular, for a

non-zero limit A, the set {g(«) : a < A} is a chain, and thus the definition of
g(\) makes sense).

If f has no fixed point, then g is strictly increasing, and hence injective which
contradicts the choice of . O
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Theorem 9. AC+Bourbaki-Witt =— ZL

Remark. For this reason, the Bourbaki—-Witt fixed point theorem is sometimes
called the ‘choice-free’ part of ZL.
Proof. Let X be a poset in which every chain has an upper bound.

Case 1: X is chain-complete. Fix a choice function g: PX \ {(} — X. Assume
that X has no maximal element. We can then define f: X — X by f(x) =
g({y € X : z < y}) for every x € X. Then z < f(z) for all z € X contradicting
Bourbaki-Witt.

Case 2: general case. Define
C={C cC X: Cisachain}

partially ordered by inclusion. Then C is chain-complete, and hence it contains
a maximal element C' by Case 1. Let x be an upper bound for C'in X. If z < y
for some y € X, then C'U {y} is a chain contradicting the maximality of C.
Thus, = is a maximal element of X. O

Remark. As a by-product, we proved the Hausdorfl Maximality Principle
(which is also equivalent to AC): every poset contains a maximal chain.

END OF NON-EXAMINABLE SECTION
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4 First-order Predicate Logic

Introduction. In Propositional Logic we had a set P of primitive propositions
and we combined them using | and = (and later A,V,—, T,<) to build the
language L = L(P) of all (compound) propositions. The primitive propositions,
however, had no meanings attached to them.

Our aim now is to describe a wide variety of mathematical theories. We replace
primitive propositions with statements like

m(z,m(y, z)) = m(m(z,y),2) ,  mlz,i(z)) =e

in the language of groups, or < y in the language of posets. These statements
are built using variables (like z,y,z,... above), operation symbols (like the
binary symbol m, the unary symbol ¢ and the nullary symbol, i.e., constant, €)
and predicate symbols (like the binary predicate <).

We then combine these statements into formulae. For example, in the language
of groups we have

(V) (Vy)(V 2)(m(z, m(y, 2)) = m(m(z,y), 2))

to describe associativity, or

(Va)(m(z,z) = e) = (Va)(Vy)(m(z,y) = m(y, ))

to describe the statement you proved in IA Groups that if every non-identity
element has order 2, then the group is abelian. An example from the language
of posets is the sentence

(Vo) (Vy)(V2)(((z <y) A (y < 2)) = (2 < 2))

to describe transitivity.

In Propositional Logic we had valuations. A valuation v can be thought of as
a choice of constant v(p), for every proposition p, from the set {0,1}. In turn,
a choice of constant from {0,1} is a function from a singleton set to {0,1}. In
first-order logic we will have a structure which will be a set A together with a
choice of function ps: A™ — {0,1} for every formula p, where n is the number
of variables in p. For a set S of formulae, we will define the notion of model
for S and we will define semantic and syntactic consequences of S in a way
very similar to what we did in Chapter 1. It is now time to give the formal
definitions.

The Language

The language is specified by two disjoint sets: the set Q of operation symbols
and the set IT of predicate symbols together with an arity function a: QUII —
Ny = NU{0}. The language L = L(,II) then consists of the following.

Variables. This is a countable set disjoint from € and II. We usually denote
variables as z1,29,... or T,y,2,....

Terms. Also called )-terms, these are defined inductively as follows.
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(i) Every variable is a term.

(ii) f w € Q, n = a(w) and t1,ts,...,t, are terms, then wtity ..., is also a
term.

For example, the language of groups consists of Q = {m, i, e} with arities a(m) =
2, a(i) = 1, a(e) = 0, and II = (. The following then are examples of terms in
the language of groups.

mxmyz , mmryz , mxe, MIIT, Mee

Note that brackets are not needed as their positions are uniquely determined by
the order of operation symbols and variables. The following strings of operation
symbols and variables are not terms: maxymz, emx, mxyz.

Atomic formulae. There are of two kinds.

(i) If s,t are terms, then (s =t) is an atomic formula.

(ii) If o € II, a(p) = n and t1, Lo, ..., t, are terms, then ptqts ... ¢, is an atomic
formula.

For example, the language of posets consists of Q = () and IT = {<} with arity
a(<) = 2. The following are then atomic formulae in the language of posets.

(ry = x2) , (r1 < 22)

The latter example should really be written as <xjx3. However, here and
below we shall often revert to the more conventional way of writing algebraic
expressions which then may require the insertion of brackets to avoid ambiguity.

Formulae. These are defined inductively as follows.

(i) Atomic formulae are formulae.
(ii) L is a formula.

(iii) If p,q are formulae, then (p = ¢) is a formula. As before, we introduce
A,V,—, T,< in order to abbreviate certain formulae.

(iv) If p is a formula and x is a free variable in p, then (Vz)p is a formula. We
also introduce (3 z)p as an abbreviation for =(Vx)-p.

To explain clause (iv), note that a formula is a string of symbols from Q U II,
variables and from the set {1,=,(,),=} (and other sybmols introduced as
abbreviations). The occurence of a variable z in a term is always free. The
occurence of a variable z in a formula p is always free except in the case p is of
the form (Vz)g in which case every occurence of x that was free in ¢ becomes
a bound occurence in p. We denote by FV(p) the set of free variables of p, i.e.,
the set of variables that have at least one free occurence in p.

Examples. The following are formulae in the language of groups. In each case
we indicate for every occurence of the variable x whether it is a free or bound
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occurence.

(mzix = e) = (mizz = e)

T 1

free free

(Va)(mzz =e) = (Vz)(Vy)(may = myz)
T T T

bound bound bound

(mzz =y) = =(Fz)(mmzzxr = y)

T T

free bound

Note that in the last example, the variable x has both free and bound occurences.
Although such formulae are technically allowed, it is usual mathematical prac-
tice to avoid them. In the second example, there are no free variables: both x
and y only have bound occurences. Such formulae have a special name.

Definition. A formula with no free variables is called a sentence.

Structures

Definition. A structure in a language L = L(,1II), or L-structure, is a non-
empty set A together with functions

wa: A" — A (n the arity of w)

for each w € 2, and subsets p4 C A™ (n the arity of ¢) or equivalently, identi-
fying a subset with its indicator function, functions

pa: A" = {0,1} (n the arity of )
for each ¢ € II.

Note. An operation symbol w of arity 0 is called a constant. Its interpretation
in a structure A is a function w, from A°, a singleton set, to A, i.e., wy is
simply an element of A.

Note. In normal mathematical practice, we allow the empty set to be a struc-
ture. Its exclusion here is a simplifying assumption (see later for an explanation).

Examples. 1. If L is the language of groups, then an L-structure is a set A
together with functions

my: AXA— A, ia: A= A

and an element e4 € A. Note that A is not a group yet!

2. If L is the language of posets, then an L-structure is a set A together with a
subset <4 of A X A, i.e., arelation on A. Again, note that A is not yet a poset.
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Motivation. Given an L-structure A and a formula p in the language L, we
want to define what it means that ‘p is satisfied in A’. For example, if p is the
formula (mxiz = e) in the language of groups, then we let p4 be the subset
{a € A: my(a,ia(a)) = ea} of A, and then say that p is satisfied in A if
pa = A. Equivalently, identifying p4 with its indicator function, we say p is
satisfied in A if py: A — {0,1} is the constant function with value 1. If ¢
now is the sentence (Vx)p, then its interpretation in A should be a function
A% — {0,1}, i.e., qa is simply an element of {0,1}. We set g4 = 1 if pa(a) =1
for every a € A, i.e., if p holds in A, otherwise we set ¢4 = 0. We now give the
formal description of how to interpret formulae in a structure. This is rather
dry, and it is best to let these motivating examples be the guide.

Definitions. Let L be a first-order language and A be an L-structure. Let
t be a term in L and p be a formula in L both with free variables contained
in the set {z1,...,z,}. We define interpretations t4: A" — A of t in A and
pa: A™ — {0, 1} (equivalently, p4 C A™) of p in A by induction on the language
L as follows.

If t is x; for some i = 1,...,n, then
ta: A" — A, talar,...,an) = a;

is projection on the " coordinate.

If t is witq ... ¢, for some w € ) with arity m and terms tq,...,%,,, then
ta: A" = A talay,...,ap) :wA((tl)A(al,...,an),...,(tm)A(al,...,an)) .
If p is (u = v) for terms u, v, then

pa={(a1,...,an) € A" : ug(ay,...,an) =valar,...,an)} .

1 4 is the constant function with value 0.
If p is (g = r), then

pa={(a1,...,an) € A" : qa(a1,...,an) =0o0r ra(ay,...,a,) =1} .

If pis (Vap41)g with FV(q) C {x1,...,%n, Tpni1}, then

pa={(a1,...,an) € A" : (a1,...,an,an11) € qa for all a,,11 € A} .

Theories and Models

Definition. Let L = L(£2,1I) be a first-order language and A be an L-structure.
Given a formula p in the language L, we say p is satisfied in A (or p holds in A, or
pis true in A or A is a model of p) if py = A™ or, equivalently, ps: A" — {0,1}
is the constant function with value 1, where n is the number of free variables
in p.

Note. When p is a sentence, then p holds in A if py = 1.
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Definition. A theory in L is a set of sentences in L. A model for a theory T is
an L-structure in which each sentence in T is satisfied.

Examples. 1. Theory of groups The language of groups has been defined
above: it consists of Q = {m,i,e} and II = () with the arities of m,i,e being
2,1, 0, respectively. The theory of groups is the following set of sentences.

T ={(Vz)(Vy)(V¥2)(maxmyz = mmzyz) ,
(Vz)(mze = x Amex = z) ,
(Vz)(mziz = e A mizz = e)}
Then every model of T is a group and every group is a model of T'. So groups
can be axiomatised as a first-order theory.

2. Theory of posets The language is as defined above: Q = 0, II = {<} and
< has arity 2. The theory of posets is then the following set of sentences.

T={Vz)(z<x),
(Vo) (Vy)((z <yAy<az) =
(Vo) (Vy)(V2)((z <y A
This axiomatises posets: every (non-empty) poset is a model of T' and every
model of T is a poset.

3. Theory of rings with 1 The language consists of Q = {+, x, —,0, 1} with
arities 2,2, 1,0,0, respectively, and IT = (). The theory is as follows.

T={Vaz)(Vy)(V2)((z+ (y+2) = (z+y) +2)) ,
Vo) (Vy)z+y=y+a),
Vz)(x+0=2x),
(Va)(z+ (-z) =0) ,
(Va)(Vy)(V2)(z(yz) = (zy)2) ,
(Vz)(Vy)(V2)((z(y + 2) = 2y + 22) A ((x + y)z = 22 + y2)) ,
Vz)(zl =2) A (lz = 2))}

The models of T" are precisely the rings with 1. Note that here we reverted to
writing x + y instead of +xy, xy instead of x X y, etc. This and the theory of
groups are examples of algebraic theories: the sentences only involve equations.

4. Theory of fields The language is the same as for rings with 1. The theory
is the theory for rings with 1 together with the following three sentences.

(V) (Vy)(zy = yx)
—~(0=1)
(Vz)(~(z =0) = (3y)(zy = 1))
This axiomatises fields. Note that this is not an algebraic theory, and indeed
fields cannot be axiomatised by an algebraic theory. This is because every field

has at least two elements, and it is easy to see that the singleton set is a model
for every algebraic theory.
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5. Graph theory The language consists of Q = (), IT = {a} with a having
arity 2 (a is the adjacency predicate). The theory is

{(Vz)-(azz) ,
(Vz)(Vy)(azy = ayz)}

So graphs can also be axiomatised as a first-order theory.

6. Propositional theories This example shows that predicate logic contains
propositional logic as a subset. Let P be a set of primitive propositions. Set
Q = () and IT = P with each primitive proposition having arity 0. In the language
L = L(Q,1I) every primitive proposition is an atomic formula, and thus every
proposition in L(P) (as defined in Chapter 1) is a formula. An L-structure is
a nonempty set A together with a function v: P — {0, 1} that maps p € P to
pa € {0,1} (as usual we identify a function A° — {0, 1} with the value it takes
in {0,1}). Given a (compound) proposition ¢ € L(P), its interpretation t4 in
A is an element of {0,1} (i.e., a function A° — {0,1}), and the map ¢ — t, is
precisely the extension v: L(P) — {0,1} of v to L(P) as defined in Chapter 1.
Given S C L(P), a model of S is a structure A with a function v: P — {0,1}
such that for every s € S we have s4 = v(s) = 1. Thus, the meaning of model
coincides with the definition of model in Chapter 1. Note that the underlying
set A here is irrelevant.

Semantic entailment

Definition. Given a first-order language L = L(2,II), a set .S of sentences in
L and a sentence t in L, we say S (semantically) entails t, written S = ¢, if ¢
holds in every model of S.

Examples. 1. Let T be the theory of groups (in the language of groups). Then
T ((Vo)(vz =€) = (V) (Vy)(zy = yz))
2. Let T be the theory of fields (in the language of rings with 1). Then
Tl (V2)(~(z=0)= (Vy)(V2)((wy = LAzz =1) = (y = 2)))

We will also need the define S = ¢ in the case when S U {¢} contains formulae
with free variables. The following example motivates the definition.

Example. Let T be the theory of fields (in the language of rings with 1). Let p
be the formula —(z = 0), let ¢ be the formula (Fy)(zy = 1) and let S = T U{p}.
It ought to be the case that S |= ¢ because, given a field F, if we assign a value
a € F to the variable z, then according to the field axioms, if p4(a) is true (i.e.,
pa(a) =1), then tr(a,b) is true for some b € F.

Definition. Let L = L(Q,1I) be a first-order language, S a set of formulae in
L and t a formula in L. Introduce a new constant to L for each free variable
occuring in S U {t}. For a formula v € S U {t}, let «’ be the sentence obtained
from u by replacing each free occurence of a variable with the corresponding
constant and set S’ = {s’ : s € S}. We then say S (semantically) entails t,
written S =¢,if S" E¢.
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Definition. A formula ¢ in a first-order language L is a tautology if 0 = ¢, i.e.,
t holds in every L-structure.

Note. In the definition of semantic entailment we substituted constants into
formulae. Later we will need a more general notion of substitution.

Definition. Let p be a formula in a first-order language L. If z is a free variable
in p and ¢ is a term in L whose variables do not occur bound in p, then p[t/x]
is the formula obtained from p by replacing each free occurence of z with t¢.

Examples. Let p be the formula (Vy)(mmazyy = mmyaxy) in the language of
groups. If ¢t is the term mzz, then

plt/xz] is (Vy)(mmmzzyy = mmymzzy)
If t is the term mzx, then
plt/z] is (Vy)(mmmzayy = mmymazy)
Finally, if ¢ is the term myy, then p[t/z] is not defined as the variable y in ¢

occurs bound in p.

Syntactic entailment

Axioms.

(A1) p= (¢=p) (p, q any formulae)
(A2) (p= (g=>1m)=>(p=>q¢ = (p=1)) (p, ¢, any formulae)
(A3) ~p=p (p any formula)
(A4) Vz)(x==x)

(A5) (Va)(Yy)((z =y) = (p = ply/2]))

x,y distinct variables, p a formula, y does not occur bound in p)

(
(A6) ((Vx)p) = plt/x]
(

p a formula, x a free variable of p, t a term no variable of which occurs
bound in p)

(A7) (Vx)(p=q) = (p= (Va)q)

(p, q formulae, x a free variable of ¢ that does not occur free in p)

Note. Every axiom is a tautology.
Rules of deduction.
Modus ponens (MP): from p and p = ¢, we can deduce g.

Generalisation (Gen): from p, we can deduce (Vz)p provided x does not occur
free in any premiss used in the proof of p.
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Definition. Let S be a set of formulae and p be a formula. A proof of p from
S is a finite sequence t1, ..., t, of formulae such that ¢,, = p and for every i,
(i) either ¢; is an axiom, or
(ii) t; is a premiss (member of S), or
(iii) t; follows by modus ponens (3 j,k < ¢ such that ¢ is (¢t; = t;)), or
)

(iv) t; follows by Generalisation (3j < ¢ such that ¢; = (Vx)t; where x is a free
variable in ¢; that does not occur free in any premiss ¢, k < j).

We say S proves p, and write S F p, if there is a proof of p from S. If S is a
theory, p is a sentence and S F p, then we say p is a theorem of S.

Remark. We can now explain why a structure in a language L had to be non-
empty. Suppose we allowed the empty set as a structure. Then (Vz)-(zx = z)
is satisfied in ), whereas L is not. Thus, {(Vz)=(z = x)} & L. On the other
hand, {(Vz)—-(z =)} F L. Indeed, we have

(Va)-(z = x) (premiss)
(Va)-(z=12) = ~(z =2) (AG)
—(z =) (MP)
(Vz)(x =x) (A4)
Vz)(z=2)= (z==2x) (A6)
(r=1x) (MP)
1 (MP)
Example. {(x =y)} F (y = x)
Vo) (Vy)((z=y) = ((z =2) = (y = 2))) (A5)
(x=y)=>(z=2)=(y=2) (A6+MP twice)
(z =y) (premiss)
(z=2)=(y=2) (MP)
(V2)((z=2)= (y=2)) (Gen)
(Va)((z=2)=(y=2) = (z=2)= (y=2)) (A6)
(z=2)=(y=1) (MP)
(Vz)(x =x) (A4)
Vz)(z=2)= (z==x) (A6)
(x =2x) (MP)
(y=1) (MP)

Proposition 1. (Deduction Theorem) Let S be a set of formulae and p, g
be formulae. Then S+ (p = ¢) if and only if SU {p} F q.
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Proof. Assume that S+ (p = ¢). Write down a proof of (p = ¢) from S and
append the lines

D (premiss)
q (MP)

to obtain a proof of ¢ from S U {p}.
Now assume that S U {p} F ¢ and let ¢,...,t, be a proof of ¢ from S U {p}.

We show that S+ (p = t;) for all ¢ by induction.

Induction hypothesis before the i*" step: for each j < i, we have S - (p = t;)
such that if a variable x did not occur free in any premiss used in the proof of
t; from S U {p}, then = does not occur free in any premiss used in the proof of
(p=t;) from S.

We now show S+ (p = t;) by considering a number of cases.

Case 1: If ¢; is an axiom or t; € S, then

ti=(p=1) (A1)
t; (axiom or premiss)
p=t; (MP)

is a proof of p = t; from S.
Case 2: If t; = p, then S+ (p = t;) since F (p = p).

Case 3: If there exist j,k < ¢ such that ¢, = (t; = t;), then by induction
hypothesis, there are proofs of p = t; and p = (¢; = ¢;) from S. Adding the
lines

(p=0=t)=((p=t)=@=>1t) (A2)
(p=1t;)=(p=1t) (MP)
p=1t; (MP)

we obtain a proof of p = t; from S.

Case 4: Finally, if for some j < i we have t; = (V)t;, then x occurs free in ¢,
and x does not occur free in any premiss used in the proof of ¢; from S U {p}.
We now have two further cases.

Case 4(a): If x occurs free in p, then p was not used in the proof of ¢; from
S'U{p}, and so we have a proof of t; from S and = does not occur free in any
premiss used in this proof. We write down this proof and append the lines

(Va)t; (Gen)
(Va)t; = (p= (Vao)t;) (A1)
p= (Fa); (\P)

to obtain a proof of p = t; from S.

38



Case 4(b): If z does not occur free in p, then we have the following proof from S.

p=1; (induction hypothesis)
(Vz)(p = t;) (Gen)
(Va)(p = t;) = (p= (V)i ) (Gen)

p= (Va)t; (MP)

In all cases it is easy to check that the induction hypothesis is valid up to and
including the i** step. O

Aim. We now embark on the proof of the Completeness Theorem that states
that, for first-order logic, - and = coincide.

Proposition 2. (Soundness Theorem) Let S be a set of formulae (in a
first-order language L = L(Q),1I)) and p be a formula. If S+ p, then S | p.

Proof (non-examinable). Let t1,...,t, be a proof of p from S. A straightfor-
ward induction shows that S |= ¢; for all i. Note that in the case ¢; = (Vz)t; for
some j < %, there exists S; C S such that ¢1,...,¢; is a proof of ¢; from S, and
x does not occur free in S;. By induction hypothesis, S = ¢; and since = does
not occur free in Sy, it follows that S; |= ¢;, which in turn implies S E=¢;. O

Theorem 3. (Model existence lemma) If S is a consistent theory (in a
first-order language L = L(12,1I)), then S has a model.

Idea of proof. We will build a model from the language L itself. We initially
choose our structure to be the set A of all closed terms of L, i.e., terms not
involving variables. Examples of closed terms in the language of commutative
rings with 1:

141, (140+1, 1-1, (14+0)-0+1, etc

We turn A into a structure by interpreting the operation symbols in the obvious
way. In the example above, we would have (1+0)+4 (1+1) = (1+0)+(1+1)
OI‘OAZO, 1A=1.

However, if S is the theory of fields, for example, then A is not a model of S.
E.g., we have S+ (140 =1) but 140 = 1 is not satisfied in A since the closed
terms 1+ 0 and 1 are different terms. There is an easy remedy. Introduce the
equivalence relation s ~ ¢ if and only if S - (s = ) and replace A by its quotient
A/ ~. Operation symbols are now interpreted on representatives of equivalence
classes. E.g., [1] 44 [1] = [1 + 1] in our example. Two issues remain.

For an example of the first issue, consider the theory S of fields with charac-
teristic 2 or 3, which consists of the theory of fields together with the sentence
(I+1 =0)V(14+1+1 = 0). Then S t/ (141 = 0) since S has models that are fields
of characteristic 3. Similarly, St/ (1+141 = 0). It follows that in our structure
A, we have [1]4+4[1] = [1+1] # [0] and [1]4+4 [1] +4 [1] = [1+1+1] # [0], and
thus A is not a model. As for propositional logic, we will first extend the theory
S to a consistent theory that is complete. In general, we say that a theory S
in a first-order language L is complete if for every sentence p, either S F p or
S+ —p.
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For an example of the second issue, consider the theory S of fields in which
2 has a square root. This consists of the theory of fields together with the
sentence (3z)(zz = 1+ 1). Then the structure A defined above consisting of
~-equivalence classes of closed terms is not a model, since there is no closed
term ¢ such that [tt] = [L +1]. In other words, we lack a witness to the sentence
(Fz)(zx = 1+ 1), i.e., we lack a closed term ¢ such that S F p[t/x] where p
is the formula (zz = 1 + 1). The solution is to add a new constant ¢ to our
language and the new sentence (cc =14 1) to our theory.

The problem is that the two processes of adding witnesses and of completion
pull in different directions. When we add witnesses to a complete theory, the
new theory may no longer be complete. When we complete a theory which has
witnesses, the new theory may lack witnesses.

Proof of Theorem 3 (non-examinable). We begin with the observation that if
S is a consistent theory, then for any sentence p, one of S U {p} and SU {-p}
is consistent. Indeed, otherwise, by the Deduction Theorem, we have S + —p
and S F ——p, and hence an application of modus ponens yields S - L — a
contradiction. An argument using Zorn’s Lemma now shows that S is contained
in a consistent theory S such that for every sentence p, either p € S or =p € S.
In particular, S is complete.

Next assume that S is a consistent theory and S F (32)p where p is a formula
with one free variable x. We add a new constant ¢ to the language L and show
that S U {p[c/x]|} is consistent. Indeed, otherwise, by the Deduction Theorem,
we get S —ple/x]. Since ¢ does not occur in S, if we replace every occurence
of ¢ with z in the proof of —p[c/x] from S, we obtain a proof of —p from S. It
follows that S = (Vz)—p by Generalisation, and since S F (3 x)p by assumption,
we deduce S F L by modus ponens — a contradiction. Applying this to all
theorems of S of the form (3x)p, we obtain a new language L = L(Q U C,I)
where C' is a set of new constants and a consistent theory S O S such that for
every sentence of the form (Jz)p in the language L that is deducible from S,
there is a closed term ¢ in L such that S+ pt/z].

Let us now start with a consistent theory S in a language L = L(£2,II). Put
So =5, Ly = L and inductively define, using the two processes described above,
theories Sy € S1 C Ty € Sy C Ty C ... and languages L, = L(QUCL U---U
Cp,II), where C1,Cs, ... are pairwise disjoint sets of constants each disjoint
from ©Q (and from II), for each n € N, S,, is a consistent, complete theory
in L,y and T,, is a consistent theory in L,, which has witnesses for S,,. We
put L* = J,, L, and S* = J,, Sn. It is straightforward to verify that S* is a
consistent theory in the language L* that is complete and has witnesses. Since
every model of S* is also a model of S, to complete the proof, we may assume
that S is complete and has witnesses.

We let A be the set of equivalence classes of closed terms in L under the equiv-
alence relation s ~ ¢ if and only if S+ (s =t). We turn A into an L-structure
as follows. For w € Q with arity n, we define wy: A™ — A by setting

wa(lta], .-, [ta]) = (w1 .. . ],
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and for ¢ € II with arity n, we let
walt],-. -, [ta]) =1 if and only if St (pty...ty) .

An easy induction shows that s4 = [s] for any closed term s. Another induction
on the language then shows that for any sentence p, we have St p if and only
if pa =1 (i.e., p holds in A). In particular, A is a model of S. O

Corollary 4. (Adequacy Theorem) Let S be a set of formulae (in a first-
order language L = L(€,II)) and p be a formula. If S |= p, then S F p.

Proof (non-examinable). We first reduce to the case when S is a theory and
p is a sentence. Indeed, by definition, S = p means that S’ = p’, where S’
and p’ are obtained from S and p by replacing free occurences of variables with
constants added to the language. Then if we know that there is a proof of p’
from S’, then we can put the free variables back in to replace the new constants,
and thus obtain a proof of p from S.

Now since S |= p, the theory S U {—p} has no models, and so SU {-p} - L by
Theorem 3. By the Deduction Theorem, we have S - ——p, and hence S  p
using the axiom ——p = p and modus ponens. O

Theorem 5. (Go6del’s Completeness Theorem for first-order logic) Let
S be a set of formulae (in a first-order language L = L(Q,II)) and p be a
formula. Then S |= p if and only if S+ p. O

Corollary 6. (Compactness Theorem) Let S be a theory in a first-order
language L. If every finite subset of S has a model, then S had a model.

Proof. If S has no model, then S F L by Theorem 3. As proofs are finite, there
is a finite subset S’ of S such that S’ L. By the Soundness Theorem, S’ = L,
i.e., S’ has no model — contradiction. O

Applications of completeness/compactness

Question. Can we axiomatise the theory of finite groups? In other words, does
there exist a first-order theory T in a suitable language such that every finite
group is a model of T" and every model of T is a finite group?

Consider, for each n € N, the following sentence:
ty (Fz1)3z2)... Bzn)Va)z =21 Ve =22 V... V2T =2,)

which says that there are at most n elements. So we would like to take T
to be the theory of groups (in the language of groups) and add the ‘sentence’
t;1 Vta V .... Obviously, this is not possible as sentences are finite strings of
symbols.

Corollary 7. The theory of finite groups is not axiomatisable as a first-order
theory.
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Proof. Assume that T is a first-order theory whose models are the finite groups.
Let
S =TU{~ty,~ts, ts,...}

where the t,, are the sentences defined above. Note that —t,, says that there are
more than n elements in any model. Thus, every finite subset of S has a model:
e.g., the cyclic group of order N for sufficiently large N. By the Compactness
Theorem, S has a model — contradiction. O]

A similar argument shows the following.

Corollary 8. Let S be a theory in a first-order language. If S has arbitrarily
large finite models, then S has an infinite model.

Proof. Add the sentences —tq, —ts,... to S. Observe that every finite subset
of the new theory has a model, and thus it has a model by the Compactness
Theorem. A model of the new theory is an infinite model of S. O

Corollary 9. (The Upward Léwenheim—Skolem Theorem) If a first-order
theory S has an infinite model, then it has an uncountable model.

Proof. Add an uncountable set {¢; : ¢ € I} of new constants to the language
and set

S'=SU{~ci=cj:i,j,€l, i+#j}
By assumption, every finite subset of S’ has a model, and hence S’ has a model

by compactness. Note that a model of S’ is a model A of S together with an
injection I — A. O

Note. For any set X we can take I = v(X) (from Hartogs’ Lemma). This
shows that S has models that do not inject into X.

Remark. We can easily write down uncountable groups or vector spaces, but
already for fields, the Upward Lowenheim—Skolem Theorem is not obvious.

Corollary 10. (The Downward Léwenheim—Skolem Theorem) Let S be
a first-order theory in a countable language (i.e., Q UTI is countable). If S has
a model, then it has a countable model.

Proof. By the Soundness Theorem, .S is consistent since it has a model. Then
the model constructed in the proof of the Model Existence Lemma is countable.
O

Peano Arithmetic

We finish this chapter with another worked example. Our aim is to axiomatise
the set of natural numbers. The key defining property of N is induction which
we try to emulate with an axiom-scheme.

The language consists of 2 = {0, s, +, x } with arities 0,1, 2, 2, respectively, and
1= 0.
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Peano Arithmetic (PA) (also known as formal number theory) is the theory in
the language above with axioms, i.e., sentences, as follows.

(Vx)(—sx =0)
(Va)(Vy)(sz = sy =z =y)

)
)
(Va)(z+0=0)
(Va)(Vy) (@ + sy = s(z +y))
(V) (z x 0 = 0)

)

(Va)(Vy)(z x sy = (z x y) + )

Vy1)...(Yyn) ((p[()/x] ANNVz)(p= p[sx/x])) = (Vx)p)
for any formula p with FV(p) = {z,y1,...,yn}-

Remark. The last axiom is the axiom-scheme for induction. The variables
Y1,--.,Yn are parameters. To see why they are needed, consider the following
formula p: (x +y) + 2 = x + (y + 2) with free variables z,y, z. We can prove
(Vz)(Vy)(V z)p by iduction on z with z,y treated as parameters. Formally, we
verify that

pl0/2] A (V2)(p = plsz/2])

holds in any model of PA, and hence it is provable by completeness. We
then use the induction-scheme to deduce that (V z)p holds, and hence so does
(Vx)(Vy)(V2)p by Generalisation.

Note. An obvious model of PA is the set Ny of non-zero integers. (N is also
a model but it is more natural to include 0 in this context.) Then by the
Upward Lowenheim—Skolem Theorem, PA has uncountable models. Doesn’t
this contradict the fact that induction (and the other axioms of PA) uniquely
determine Ny? The answer is ‘no’ because true induction says:

(VACNO)((OEA/\(Vx)(xeA:smeA)) :»A:NO)

whereas in first-order theory we cannot quantify over subsets of a structure.
Since the language of PA is countable, the induction axiom-scheme can only
capture countable many subsets of Nj.

Definition. A subset A is Ny is definable in PA if there is a formula p with
free variable x such that py,, the interpretation of p in Ny, is A.

Examples. The following sets are definable using the given formula:
set of squares: (Fy)(y X y = x)

set of primes: =(z = 1)A(Vy)((y|lz) = (y = 1Vy = x)) where y|z is shorthand
for (32)(z x y =) and 1 is s0.

powers of 2: (Vy)((‘y is a prime’ A y|z) = y = 2) where 2 is ss0.
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Remark. Godel’s Incompleteness Theorem says (amongst other things) that
PA is not a complete theory. Thus, there is a formula p in PA that holds in Ny
but PAK p.
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5 Set Theory

We will axiomatise set theory as a first-order theory. So this is just another
piece of mathematical theory like group theory, topology, etc. So we could
think of this chapter as just another worked example of first-order logic. Since
any model of set theory should contain all of mathematics, it will obviously be
a very complicated example of a first-order theory.

Zermelo—Fraenkel Set Theory (ZF). This is the version of set theory we
will be studying. The language has no operation symbols (€ = ) and a single
predicate € of arity 2. There will be 9 axioms: 2 to get started, 4 for building
new sets and 3 further ones.

A model of ZF will be denoted V. This is a non-empty set together with an
interpretation €y C V x V of the predicate € satisying the axioms. Elements
of V will be called ‘sets’. When (a,b) is in €y, we say that ‘a belongs to b’ or
that ‘a is a member of b’. We refer to V' as the ‘set-theoretic universe’ or the
‘universe of sets’. So ‘set’ and ‘belongs to’ now have technical meanings inside
the universe, but they retain their usual meaning in the world of mathematics
of which V is a part. We will be interested in the question of what the universe
of all sets looks like. We begin by listing the axioms of ZF.

1. Axiom of extensionality (Ext).
‘If two sets have the same members, then they are equal.’

(Ext) (Vm)(Vy)((Vz)(zex@zey)é(x:y))

2. Axiom of separation (Sep).
‘Can form a subset of a set.” This is in fact an axiom-scheme:

(Sep) (Vt1)... (th)((Vx)(Ely)(Vz)(z cye ((z€a) /\p)))

for any formula p with FV(p) = {z,t1,...,t,}, where t1,...,¢, should be
thought of as parameters. The set y whose existence is asserted in the sen-
tence above is unique by (Ext) and is denoted by {z € z : p}. (Formally, we
are adding an (n + 1)-ary operation symbol to the language of ZF.)

Note. Parameters are needed. For example, in a model of ZF we can form,
given sets t and z, the subset {z € z: ¢t € 2} of x.

3. Empty-set axiom (Emp).
‘There is a set with no element.’

(Emp) Fz)(Vy)-(y € z)

The set « whose existence this axiom asserts is unique by (Ext). We call this set
the empty set denoted by 0. (Formally, we add the constant §) to the language
of ZF with the sentence (Vy)=(y € 0).)

Strictly speaking, this axiom is not needed as it follows from (Sep). Indeed, in
a structure V', we can pick any set « and form the set {y € x : —(y = y)} by
(Sep). However, if in first-order logic we allow the empty set as a structure,
then (Emp) is needed (or some axiom asserting the existence of some set).
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4. Pair-set axiom (Pair).
‘For any sets x,y, we can form {z,y}.’

(Pair) (Vo) (Vy)(32)(V1) (t cre(t=2)V(t= y)))

The unique set z whose existence is asserted here is denoted by {z,y}. We shall
write {z} for {z,z}. (Formally, we add a binary operation {,} and a unary
operation {} to the language of ZF.)

It follows from (Ext) that {z,y} = {y,z} for all z,y. Thus, (Pair) gives us
unordered pairs. Ordered pairs can be constructed using the following device
(due, independently, to K. Kuratowski and N. Wiener): for sets z,y define
(z,y) = {{z}, {=,y}}. This satisfies:

(V) (Vy)(V2)(V ) ((z,9) = (2,1) & (x = 2) A (y =1)))
as one would expect. We now introduce a number of abbreviations.

‘x is an ordered pair’ means
Fy)(E2)(z = (y,2))
‘f is a function’ means

(Va)((z € f) = ( is an ordered pair))
AR (Y)Y 2) (((29) € F A (2.2) € ) = (y = 2))

z =dom f (‘z is the domain of f’) means
(f is a function) A (Vy)((y € 2) & (32)((y,2) € f))

frax—y (‘f is a function from z to y’) means

(x =dom f) A (Vz)((ﬂt)((t,z) efl=(z¢€ y))

5. Union axiom (Un).
‘Can form the union of a set.’

(Un) (V2)3y)(¥2) ((z € ) & BO((te2) A (2 € 1))

Note that the set y is the union of the members of x. We denote this unique
(by Extensionality) set y by |Jx. (Formally, we add the unary symbol (J to the
language of ZF.)

As an example, note that if © = {a,b}, then t € |Jz if and only if t € a or t € b.
We shall denote | J{a,b} by aUb. (Formally, we introduce a binary operation U
to the language of ZF.)

Note. We do not need a separate axiom for intersections. Indeed, the following
sentence follows from the axioms so far:

(Vo) (= =0) = Gy)(v2)((z€y) & (YD)t € = 2 €1)))
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Indeed, given a non-empty set x, we can form the set

yz{zéUx: (Vt)(tEm:%zEt)}

using (Un) and (Sep). Note that technically we work in a model here to construct
the set y; then the sentence above follows by the Completeness Theorem. We
will denote the unique (by Extensionality) set y constructed above by [ z. We
will write a N b for ({a, b}.

6. Power-set axiom (Pow).
‘Can form the power set of a set.’

(Pow) Vx)3y)(V2)(z ey 2z Cx)
where z C z is an abbreviation for (V¢)(t € z = t € x). The unique set y is

denoted by Px.

We can now form the Cartesian product of sets x and y. First note that for
u € x and v € y, the ordered pair (u,v) = {{u}, {u,v}} belongs to PP(z U y).
We can then form the set

pxy={zPP(zUy): 3Eu((z=(tu)Alten)A(uey)}

using (Un), (Pow) and (Sep).

In turn, we can form the set y* of all functions from x to y:

= {f€Pexy): fro—y)

7. Axiom of infinity (Inf). With the first six axioms we can already do
quite a bit of mathematics. Also, in any model V' there will be infinitely many
elements. For example, it is easy to show that the sets (), P@, PP@, . .. are pairwise
distinct.

For another example, let us first introduce for a set x, the successor of = to be
the set 7 = x U {x}. Then the sets 0, 0", 0T+ ... are pairwise distinct.
We shall denote these sets by 0,1,2,3, ..., respectively. Thus,

0=0, 1={0}, 2={0,1}, 3={0,1,2},...

These examples show that from the outside, V' is an infinite set. However, V is
not a set, i.e., the sentence (3x)(Vy)(y € x) does not hold in V. This is known
as Russell’s paradox. (Indeed, if the sentence holds in V', then we can form the
set y={z € x: (2 € 2)} by (Sep), and get a contradiction by considering
whether y € y.) So we need an axiom that says that, for example, the elements
0,1,2,3,... form a set. We begin with a definition.

Say that ‘@ is a successor set’ if
Oex)AVy)ycx=y" €a)

Any successor set will contain 0,1,2,3,..., and hence any successor set is infi-
nite. The axiom of infinity states that successor sets exist.

(Inf) (3z)(x is a successor set)
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It follows from this axiom (and the ones listed so far) that there is a smallest
successor set:

() (‘z is a successor set’ A (Vy)(‘y is a successor set’ = x C y))
To prove this, fix a successor set y and form the set
z={t € Py: tis a successor set}
by (Pow) and (Sep). It is easy to check that & = (1] z is the smallest successor

set which will be denoted by w.

Note that every successor set contained in w is w:
Vzcw)(0exzAVy)lyer =yt €)= 2=w)

where (Vo C y)p is shorthand for (Vz)(x C y = p) for any formula p. So we
have true induction in V' as we quantify over all subsets of w. (Note, however,
that from the outside w may have subsets that do not form a set inside V.) We
refer to this as w-induction.

An example of a statement that can be proved by w-induction is that every
non-zero element of w is a successor:

(Vo €w)(=(z=0) = Ty €w)(z =y"))

where (Va € y)p is shorthand for (Vz)(x € y = p) for any formula p.

It is straightforward to check that (V2 € w)= (2™ = 0). One can also prove that
(Ve ew)(Vy € w)(zt =y = z =y). Thus, w satisfies the usual rules for the
natural numbers (cf. axioms of Peano Arithmetic).

We now define abbreviations ‘@ is finite’ to mean (Jy € w)(z bijects with y)
and ‘z is countable’ to mean that (3 f)(f: x — w is an injection).

8. Axiom of replacement (Rep).

With the axioms so far, we can form the set w containing 0,1,2,.... How about
the sets 0,P),PP,...? Do they form a set? We will see later that the map
(inside V) 0 — 0,1 + P, 2 — PP), ... can be expressed by a formula. Such a
map is called a function-class. So we need an axom saying that the image of a set
under a function-class is a set. It will then follow that 0, PO, PP(, ... form a set,
namely the image of w under the function-class 0 — (), 1 — P@, 2 — PP), . ...

Digression on classes.

Definition. A class is a collection C of elements of V such that there is a
formula p with one free variable satisfying C = py, i.e., x € C if and only if
p(z) holds in V.

Examples. 1. V is a class: we can take p to be the formula (z = x).

2. The collection of sets of size one is a class: we can take p to be the formula

By)(= = {y})-

Definition. A class C, given by a formula p with free variable y, is a set if
(F2)(Vy)(y € x < p). Otherwise we say C is a proper class.
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Example. V is a proper class.

Definition. A function-class is a subset F' of V x V such that F' = py for some
formula p with two free variables z,y satisfying

(Vo) (Yy)(V2) ((p Aplz/y)) = (y = 2))
Thus, (z,y) € F if and only if p(x,y) holds in V.
Example. The map z — {x} is a function class: we can take p to be (y = {z}).

End of digression.

The Axiom of Replacement is an axiom-scheme stating that the image of a set
under a function-class is a set. As usual, we use parameters.

(Rep) (Vt1)...(Vtn) [(Vw)(Vy)(VZ)((p Aplz/y)) = (y = 2))
= (V)3 y)(Vz)(z cys (Ju)(uerx /\p[u/a:,z/y]))]
for any formula p with FV(p) = {z,y,t1,...,tn}.

9. Axiom of foundation (Fnd).

We want a picture of the universe in which sets appear at a certain ‘time’, and
a set cannot appear before all its elements do. So we want to avoid pathological
behaviour like z € z, i.e., we want to avoid {z} having no €-minimal member.
Similarly, we don’t want = € y and y € x, i.e., we want to avoid {z,y} having no
€-minimal member. The Axiom of Foundation (or Axiom of Regularity) states
that every non-empty set has an €-minimal member:

(Fnd) (Va)(~(z=0)= CEy)yexn(V2)(z €z = ~(2 €y))))

Remark. The nine axioms and axiom-schemes above form ZF set theory. Note
that the Axiom of Choice is not included. We shall write ZFC for ZF+AC, i.e.,
ZF set theory with the Axiom of Choice.

(AC) (Va)(Vyex)~(y=0) = BNz = Jz Ay € 2)(f(y) €v)

Remark. For the rest of this chapter we work within ZF. Our ultimate aim is
to describe the set-theoretic universe V. We first prove versions of induction and
recursion similar to but more general than those introduced for well-ordered sets
in Chapter 2. This will eventually lead to a proper definition of ordinals thereby
filling the gap from Chapter 2. We then describe a picture of the universe in
which sets appear in ‘time’ measured by ordinals where no set appears before
all its members do.

Definition. A set x is transitive if every member of a member of x is a member
of x. Thus, ‘z is transitive’ is shorthand for

VMy)((Fz)(zexhy€z)=yEu)

or equivalently | Jz C x.
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Remark. This is not the same as saying that € is a transitive relation on z.

Examples. An easy w-induction shows that (Vz € w)(z C w). It follows that
w is a transitive set. Another w-induction shows that every member of w is a
transitive set.

Lemma 1. Every set x is contained in a transitive set:

(Va)(Jy)(‘y is transitive’ Az C y)

Remark. Since the intersection of a non-empty set of transitive sets is transi-
tive, Lemma 1 implies that there is a smallest transitive set containing = called
the transitive closure of x denoted TC(x).

Idea of proof. If y is a transitive set with « C y, then (Jx C y, and in
turn (JUz C y, etc. So we would like to form the set U{z,U=z,JU=,...}
which is indeed transitive and contains x. However, for this to work, we need
{z,Jz,JU=,...} to be a set. This will follow by the Axiom of Replacement.
So we need to show that the map sending 0 — z,1 — Jz,2 —» JUz,... is a
function-class.

Proof of Lemma 1. We introduce the abbreviation ‘f is an attempt’ to mean
(f is a function) A (dom f € w) A (x = f(0))

A (Vm)(Vn)((m €dom fAnedomfAn=m")= f(n)= Uf(m))

A straightforward w-induction shows that any two attempts agree on the inter-
section of their domains:

*) VHNV9V n)([(f is an attempt) A (g is an attempt)
A(nedomf)A(ne domg)} = (f(n) = g(n)))

Another w-induction shows that every member of w is in the domain of some
attempt:

(**) (Vn) ((n € w) = (3)[(f is an attempt) A (n € dom f)])
To see this, form the set

w={new: (3f)((fis an attempt) A (n € dom f))}

by (Sep). We show that w is a successor set from which it will follow that
w = w, as required. Since f = {(0,2)} is an attempt, 0 € w. If n € w, then fix
an attempt f with n € dom f. Since every member of w is transitive, we have
n C dom f, and hence nT C dom f. By restricting f to n™, we can assume that
dom f = n™ in which case

g=rfu{(n*,Uf(n)}

is an attempt with n™ € domg. Thus, n* € w.
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We now let p be the following formula with free variables y, z:

(3 f)((f is an attempt) A ((y, 2) € f))

It follows from (x) that

(Vy)(V2)(Vu)((p Aplu/z]) = u=2z)

and thus p defines a function-class. By Replacement the image of w under this
function-class is a set: we can form the set w such that z € w if and only if
(3y)p holds. Informally, w is the set {z,J=z,JUz,...}. We now form the set
t = Jw and show that ¢ is transitive with 2 C ¢ which will complete the proof.

Since {(0,x)} is an attempt, it follows that x € w and = C t. Now assume that
a € t. Then a € z for some z € w, and in turn z = f(n) for some attempt f with
n € dom f. By (xx), there is an attempt g with n* € domg. Then n € domg
since members of w are transitive, and g(n) = f(n) = z by (). It follows that
g(n*) = Ug(n) = Jz by the definition of an attempt, and so |Jz € w. Thus
for any b € a, we have b € |z € w, and hence b € t as required. O

Remark. The set ¢t constructed in the proof above is in fact the transitive
closure TC(z) of x.

Theorem 2. (Principle of e-induction) For each formula p with free vari-
ables FV(p) = {z,t1,...,t,}, the following sentence holds in ZF.

(Vh)-.. (V1) (V) [(Vy € Dply/a] = p] = (Vo)p)

Proof. Fix values t1,...,t, of the parameters and assume that p(z) holds when-
ever p(y) holds for all members y of z, i.e., (Va)[(Vy € z)ply/z] = p]| holds.
Assume for a contradiction that —(Vz)p(x) holds and fix any set x such that
p(z) fails.

(At this point we would like to take a minimal counterexample, i.e., an €-
minimal member of {y : —p(y)}. However, {y : —p(y)} may not be a set. This
is where transitive closure comes in.)

By Lemma 1 we can form the set t = TC({z}), and by (Sep) we can form the
set u ={y € t: =p(y)}. Then x € u, and hence v has an €-minimal member z.
If y € z, then y € t since t is transitive, and thus y ¢ u since z is €-minimal in
u. It follows that p(y) holds for all y € z. By assumption on p, we deduce p(z)
contradicting the choice of z. O

Remark. In the presence of the first eight axioms of ZF, the Principle of &-
induction is equivalent to the Axiom of Foundation. One direction is Theorem 2.
For the converse, assume the Principle of €-induction. Say that a set x is reqular
if
(Vy)(x € y = (y has an €-minimal member))

(this definition is the clever bit). Then (Fnd) is equivalent to the assertion that
(Vz)(x is regular) which we prove by €-induction. Fix a set z and assume that
every y € z is regular (the induction hypothesis). Let z be a set with = € z.
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We need to show that z has an €-minimal member. This is obviously true if x
itself is an €-minimal member of z. If not, then we have y € z for some y € =z,
in which case z has an €-minimal member since y is regular by the induction
hypothesis. This shows that x is regular, as required.

We now turn to €-recursion. Informally, this is the statement that a function f

can be defined so that for every z, the value f(x) is given in terms of the values
f),yex.

Theorem 3. (&-recursion theorem) Let G be a function-class (given by
a formula p in two variables) defined everywhere (i.e., (Vz)(3y)p(x,y)), then
there is a function-class F' (given by a formula ¢ in two variables) such that
(Vz)(F(z) = G(F|;)). Moreover, F' is unique.

Note. The restriction F'[, of F to x is {(s,F(s)) : s € x} which is a set by
Replacement: It is the image of the set z under the function-class s — (s, F'(s))
which is given by the formula (3 z)(q(s, z) At = (s, 2)).

Proof. We first prove uniqueness. Assume that F} and Fy both satisfy the
conclusions of the theorem. We show (Vz)(Fi(z) = Fa(x)) by €-induction. Fix
a set x and assume that (Vy € x)(Fi(y) = Fa(y)). Then Fy[,= Fb[,, and hence
Fi(z) = G(Fil,) = G(Fl,) = Fy(x).

We now turn to existence. We say that a set f is an attempt if
(f is a function) A (dom f is transitive) A (V)(z € dom f = f(z) = G(f[.))

Note that if x € dom f, then = C dom f since dom f is transitive, and hence [T,
makes sense. Now a straightforward €-induction (as in the proof of uniqueness)
shows that

) (7)Y g)(Vm)([( £ is an attempt) A (g is an attempt)
A e € dom f) A (@ € domg)] = f(x) = g(x))
Another €-induction shows that
(V2)(3£)((f is an attempt) A (z € dom f))

To see this, fix a set x and assume that for all y € x there is an attempt defined
at y. Note that an attempt defined at y is defined on TC({y}) since the domain
of an attempt is transitive, and the restriction to TC({y}) of this attempt is still
an attempt. Hence by (x), for each y € x there is a unique attempt f, defined
on TC({y}). Then {f, : y € x} is a set by Replacement and f" = J{f, : y € «}
is an attempt whose domain contains z. Finally, f = f' U {(z,G(f'[;))} is an
attempt defined at x.

We now let ¢ be the formula (3 f)((f is an attempt) Ay = f(z)). It is now
straightforward to verify that ¢ defines a function-class F' with the required
properties. O

Remark. We can generalize €-induction and €-recursion to other relations.
By a relation we mean a formula r in two variables (whose interpretation in
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a model V is a subset of V' x V). For example, if r is (z € y), then r is the
e-relation. The next definition identifies the two properties of the €-relation
that were crucial in proving induction and recursion.

Definition. A relation r is well-founded if every non-empty set has an -
minimal member:

(V) (ﬁ(x =0)= 3y) [y cxn(Vze :c)—n“(z,y)])
A relation 7 is local if the r-predecessors of a set form a set:

(Vo)By)(V2)(z € y & 7(2,2))

Remark. Given a local relation r, we can define the notion of r-closure similar
to transitive closure. Then if in addition r is well-founded, we can prove r-
induction and r-recursion.

In what follows we can restrict attention to relations defined on sets. If r is a
relation on a set a, i.e., r C a X a, then r is automatically local since for any
x € a, we can form the set {y € a : yra} by Separation. (Here we use the
familiar notation y r x instead of (y,z) € r.) So in this case we just need r to be
well-founded (every non-empty subset of a has an r-minimal member) in order
to prove r-induction and r-recursion.

The next result shows that a well-founded relation on a set can always be mod-
elled by € provided we assume a further property.

Definition. A relation r on a set a is extensional if members of a are uniquely
determined by their set of r-predecessors:

(Veea)Vyeca)((Vz€a)(zrz e zry) = a=y)

Theorem 4. (Mostowski’s Collapsing Theorem) Let r be a well-founded,
extensional relation on a set a. Then there is a transitive set b and a bijection
f:a — bsuch that

(Ve ea)(Vy €a)(zry & f(z) € fy))
Moreover, the pair (b, f) is unique.

Remark. The sentence above states that f is an order-isomorphism between a
with relation r and b with relation €. Thus, well-foundedness and extensionality
of r are necessary conditions.

Proof. We begin with existence. By r-recursion there is a function-class f such
that

(Vzea)(f(z)={f(y): y€a, yra})

Since {(z, f(z)) : € a} is a set by (Rep), we can take f to be a function. We
next set b = {f(z) : = € a} which is also a set by (Rep). We verify that (b, f)
satisfies the conclusions of the theorem.

We first show that b is transitive. Given z € b, z = f(x) for some z € a, and
hence z = {f(y) : y € a, yrz}. It follows that w € b whenever w € z.
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By definition, f is surjective and xry implies f(z) € f(y) for all z,y € a. It
remains to show that f is injective. This will also show that f(z) € f(y) implies
xry for all z,y € a. Indeed, if f(z) € f(y), then f(x) = f(z) for some z € a
with zry. Then by injectivity z = z, and thus xry.

For z € a, say that f is injective at a if (Vy € a)(f(y) = f(x) = y = x).
Then f is injective if and only if (Vz € a)(f is injective at ) which we show
by r-induction. Fix x € a and assume that f is injective at s for all s € a with
srx. Assume that f(z) = f(y) for some y € a. Then

{f(s): s€a, srxy={f(t): t€a, try}
Since f is injective at every s € a with srx, it follows that
{s:s€a, srae}={t: t€a, try}
Since the relation r is extensional, we have x = y as required.

We complete the proof by showing uniqueness. Let (b, f) and (b, f') be pairs
both satisfying the conclusions of the theorem. We show

(Vo €a)(f(z) = f'(2))

by r-induction. Fix x € a and assume that f(y) = f’'(y) for all y € a with yr .
Given w € f(z), we have w € b since b is transitive, and w = f(z) for some
z € a since f is surjective. Then f(z) € f(x), and hence zrz. It follows by
the induction hypothesis that w = f(z) = f'(2) € f/(x). Similarly, w € f'(z)
implies w € f(x). Thus, by the Axiom of Extensionality, we have f(x) = f'(z).
This completes the r-induction which shows that f = f’, and thus b=¥%. O

Definition. An ordinal is a transitive set well-ordered by € (equivalently,
linearly ordered by € since € is well-founded by (Fnd)).

Note. Suppose a is a set and r is a well-ordering on a. By Mostowski, there
is a transitive set b and a bijection f: a — b such that zry & f(x) € f(y) for
all z,y € a. Thus, (a,r) is order-isomorphic to (b, €). It follows that b is an
ordinal. Moreover, by the uniqueness in Theorem 4, this is the unique ordinal
to which (a,r) is order-isomorphic. This unique ordinal is called the order-type
of the well-ordered set a.

Remark. We denote by ON the class of all ordinals. ON is a proper class by the
Burali-Forti paradox. Note that each order-isomorphism class of well-ordered
sets contains exactly one ordinal.

Proposition 5. Let o, 8 € ON and a be a set of ordinals.

(i) Every member of « is an ordinal.
(i) feaesf<a
(iii) B€eaor B=aoracf
)
)

(iv) at =aU{a}

(v) UJa is an ordinal and |Ja = supa.
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Remarks. 1. Recall that the notation § < « in part (ii) means that f is
order-isomorphic to a proper initial segment of «. Parts (i) and (ii) together
show that the ordinal « really is the set of ordinals strictly less than a.

2. Part (iii) shows that € is a linear order on the class ON.

3. Part (iv) reconciles two definitions. According to the definition in Chapter 2,
a™ is the unique (up to order-isomorphism) well-ordered set that consists of
« as a proper initial segment and one extra element that is a maximum. By
Mostowski, this well-ordered set is order-isomorpic to a unique ordinal (its order-
type). Part (iv) shows that this ordinal is the successor of the set « as defined
in this chapter. In particular, this shows that the successor of an ordinal is an
ordinal.

4. Part (v) shows that any set = of well-ordered sets has an upper bound. This
was owed from Chapter 2 (see the Remark following Proposition 2.8). Indeed,
a = {order-type(y) : y € =} is a set of ordinals by (Rep) which by part (v) has
an upper bound.

Proof. (i) Fix v € a. Then v C « since « is transitive, and so -« is linearly
ordered by €. It remains to show that ~ is transitive. Let n € § and § € ~.
Since « is transitive, we have § € «a, and in turn n € «. Since € linearly orders
@, it is in particular a transitive relation on «, and thus n € ~.

(ii) Recall that for a well-ordered set x, for every y € x we denote by I, the
proper initial segment {z € z : z < y} of z, and moreover, every proper initial
segment is of this form. It follows that if § € «, then Ip = {y € a: v € f} is
a proper initial segment of o. Since « is transitive, Iz = , and thus 8 < o.
Conversely, if § < «a, then [ is order-isomorphic to Is = ¢ for some § € a. By
uniqueness, 6 = 3, and thus S € a.

(iii) is immediate from parts (i) and (ii) and from Theorem 2.6. Note that if
«a # B, then « and 8 are not order-isomorphic by uniqueness in Theorem 4.

(iv) Let 8 be the successor of «, i.e., § = a«U{a}. It is straightforward to check
that § is an ordinal. Then « is the maximum element of 5 (with respect to € of
course), and « is a proper initial segment of «. So 3 is indeed o™ in the sense
of Chapter 2.

(v) First observe the following consequences of parts (ii) and (iii). Firstly,
B8 C a<s B < a Secondly, one of 5 C a and o C 8 must hold. Thus, a is a
nested set of transitive sets well-ordered by €. It follows that | Ja is a transitive
set well-ordered by €, i.e., an ordinal, and it is the supremum of a. O]

Examples. We finally give some examples of ordinals. Rather trivially, 0 =
is an ordinal. An easy w-induction and Proposition 5 (iv) shows that every
member of w is an ordinal. Hence, so is [Jw = w (the equality follows from
transitivity of w). This shows that w = supw, and thus the set w introduced in
this chapter is reassuringly coincides with the w of Chapter 2.

Picture of the Universe

Idea. We build the entire universe V starting from the empty set by repeatedly
applying P and |J. So we have 0, PQ,PP@,..., then |J{0, PO, PP0,...}, etc.
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Formally, we define V,, a € ON, by &-recursion as follows.
Vo=10
Vo+ =PV,
Vy = U{Va Da< A} for a non-zero limit ordinal \ .
The class of sets V,, a € ON, is called the von Neumann hierarchy. Our aim
is to show every set appears in one of the sets V,,. This leads to the following,

somewhat unstable-looking, picture of the universe, which perhaps also explains
why it is usually denoted by V.

Va

w+1
Vt1 = PV

Vw =U{Vp, V1, V2, ...}

2/ v, =epo
%vlzpw
Vo=0

Lemma 6. V, is transitive for all « € ON.

Proof. We proceed by induction on a.
a=0: Vy = 0 is transitive.

a = 4 1: Assume Vg is transitive and let © € V,, and y € . We need to
show that y € V,,. Since V,, = PV, we have x C V3 and y € V3. Since Vj is
transitive, it follows that y C Vj, and hence y € PVg = V,,, as required.

« is a non-zero limit: Assume Vjp is transitive for all 8 < . Then V, is a union
of transitive sets, and thus transitive. O

Lemma 7. V, C Vg for all o < .
Proof. We proceed by induction on 5. In each case, we can assume o < 3. The
case = 0 is clear.

B =v+1: Let a < 8. Then o <, and so V,, C V, by the induction hypothesis.
It follows that V,, € PV, = V3. By Lemma 6, the set V3 is transitive, and thus
Vo C V3, as required.

B is a non-zero limit: If o < 3, then V,, C V3 by definition of Vj. O

Theorem 8. The von Neumann hierarchy exhausts the set-theoretic universe,
i.e., (Vz)(3a € ON)(x € V,,) holds in ZF.
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Note. If z € V,,, then x C V, since V,, is transitive. Conversely, if x C V,,
then x € PV, = V,41. Thus Theorem 8 is equivalent to the assertion that
(Vz)(3a € ON)(x C V) holds in ZF. For a set z, the least ordinal a with
x C V, is called the rank of xz, denoted rank(zx).

Proof. We prove (Vx)(3a € ON)(x C V,,) by €-induction.

Fix a set x, and assume that every y € = has a rank (the induction hypothesis).
Set a = sup{rank(y)™ : y € z} noting that {rank(y)* : y € z} is a set by
Replacement. For each y € x, we have y C Viank(y), and 80 y € Viank(y)+-
By Lemma 7 we have Viau)+ C Vo for all y € z, and hence x C V,, as
required. O

Corollary 9. rank(z) = sup{rank(y)* : y € x}.

Proof. Tt follows from the proof of Theorem 8 that
rank(z) < sup{rank(y)* : y € 2} .

For the reverse inequality, we first show that if z € V,, then rank(z) < a. So
let us assume that z € V,,. Then a > 0. If « = 87, then  C Vp, and hence
rank(z) < f < a. If a is a limit ordinal, then x € Vp for some 5 < a. It follows
that « C V3 since Vj is transitive, and thus rank(z) < 8 < a.

Now set @ = rank(z). Then for each y € x, we have y € V,, and hence
rank(y) < a by the claim above. It follows that sup{rank(y)™ : y € 2} < a. O

Example. Using the formula above, an easy induction shows that rank(a) = «
for every ordinal .
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6 Cardinal Arithmetic

In this chapter we are interested in the size of sets. So we will want to identify
sets that have the same size. We introduce the abbreviation ‘z = y’ for the
formula (3 f)(f is a bijection from x to y). Note that this is an equivalence
relation on V.

Next, we wish to define the size, or cardinality, of a set = to be a set card(x)
such that the following holds.

(t) (V)(Vy)(card(z) = card(y) & = = y)

One obvious choice for card(z) would be the =-equivalence class {y : y = =}
of z. However, this is always a proper class (except when z = ) whose =-
equivalence class is the set {#}). Another possibility is to choose a particular
representative of the =-equivalence class of = to be card(z). This can be done if
we assume the Axiom of Choice. It turns out that something along the lines of
the first possibility can be made work in ZF (this is a trick due to D. S. Scott).

Definitions. Let = be a set. In ZFC we define the cardinality card(x) of = to
be the least ordinal « such that x = «. Note that such ordinals exist since in
ZFC x can be well-ordered.

In ZF we first define the essential rank essrank(x) of x to be the least ordinal
a such that there exists a set y with rank(y) = o and y = x. We then define

Card(x) = {y € ‘/essrank(w)+1 Y= 33}
which is a set by Separation.

Note. In the rest of this chapter we will work in ZFC, so we could adopt the
first definition of cardinality. However, the exact definition does not matter that
much. What is important is property (). Also, much of what we do below is
valid in ZF.

Definition. Say that a set m is a cardinal if m = card(z) for some set z. In
this case we say m is the cardinality of x.

Before discussing the arithmetic of cardinals, we introduce initial ordinals and
the alephs.

The Alephs
Definition. Say o € ON is an initial ordinal if (V8 € ON)(8 < a = —(8 = «)).

Examples. For every set x, the Hartogs’ ordinal v(x) is an initial ordinal. Since
for n < w we have y(n) = nt (easy w-induction), it follows that all members of
w are initial ordinals, which in turn implies that w is an initial ordinal.

The ordinals w?, w3 or gy = w*"" are not initial ordinals as they all biject
with w. In fact, the next initial ordinal after w is v(w) = wy. More generally,
we can index the infinite initial ordinals as follows.

3
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Definition. Define w, for @ € ON by recursion:

Wy = w

wg+ = 7(wp)
wy =sup{wg : B <A} (A non-zero limit)

Proposition 1. The ordinals w, are exactly the infinite initial ordinals.

Remark. Note that for ordinals o < 3, if 8 injects into a, then by the Schroder—
Bernstein theorem we have o = 5. It follows that if &« < 8 and 3 is an initial
ordinal, then 8 cannot inject into . We shall use this simple observation several
times below.

Proof. We first show that the w,, are initial ordinals by induction on a. We only
need to check the case when « is a non-zero limit. In this case, assume that
wq = 7 for some v < wq. Then v < wg for some f < a. Since wg < w, (easy
induction on «), it follows that wg injects into v contradicting the induction
hypothesis that wg is an initial ordinal.

Now assume that § is an infinite initial ordinal. An easy induction shows that
a < wg for all @ € ON, and hence there is a least o with § < w,. Since ¢ is
infinite, o # 0, and moreover o cannot be a limit otherwise § < wg for some
B < «a contradicting the minimality of a. Thus o = 87 for some 3 that satisfies
wg < 0 < wgt = y(wg). It follows that ¢ injects into wg, and thus § = wg as §
is an initial ordinal. O

Notation. For a € ON we denote by R, (‘aleph-a’) the cardinality of w,. By
Proposition 1 the alephs are the cardinalities of all infinite sets. (This is true in
ZFC. In ZF the alephs are the cardinalities of all infinite well-ordered sets.)

The arithmetic of cardinals
We use the letter m,n, p for cardinals, and M, N, P for sets with cardinalities
m, n, p, respectively.

Definition. Write m < n if M injects into N, and m < n if m < n and m # n.

Note. These are well defined, i.e., do not depend on the choice of sets M, N.
It is also easy to check that < is a partial order on the class of cardinals.
Antisymmetry (m < n and n < m imply m = n) follows from Schroder—
Bernstein. In ZFC it is even a linear order.

Definition. We define cardinal addition, multiplication and exponentiation as
follows.

m+n = card(M UN)
m-n = card(M x N)
m" =card(MY)  (MN ={f€P(NxM): f: N = M})

These operations are well-defined, i.e., they do not depend on the choice of
M,N.
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Properties. The following are straightforward to check by writing down a
bijection between appropriate sets.

m+n=n+m
(m+n)+p=m+(n+p)
m-n=mn-m
(mn)p = m(np)
m(n+p) =mn+mp

(mn)? = mPnP

m"tP = mmP

(m")" = "
In addition, if m < n, then m+p < n+p, mp < np and m? < nP. This is again
easy to verify by writing down appropriate injections.

Note. Cantor’s diagonal argument shows that m < 2" for all cardinals m
(there is no surjection M — 2M). In particular, Xg < 280 which contrasts with
w = 2 for ordinal exponentiation.

Similarly, we have 2 - Rg = Nj - 2 in contrast with 2 - w = w # w - 2 for ordinal
multiplication.

A consequence of the next result is that addition and multiplication of alephs
is easy.

Theorem 2. R, -8, =R, for all « € ON.

Proof. We proceed by induction on «. The case a = 0 is clear since w X w = w.
Now let o > 0 and assume that wg X wg = wg for all g < a.

Well-order w,, X wq by ‘going up in squares’: (z,y) < (w, z) if and only if
either max{z,y} < max{w, z}

or  max{z,y} = max{w,z} =4, say, and either y<z<§
or y<d=z
or r<w, y=z=>9

Given 0 € w, X wq, the proper initial segment Is5 is contained in S x 3 for
some 8 < ws. (F.g., if § = (z,9), then 8 = max{z,y}T will do.) Then
card(f) < card(w,) since w,, is initial. So by induction hypothesis, either g is
finite, or 8 x § = 8. It follows that card(ls) < card(f x ) < card(wq).

The above shows that every proper initial segment of w, X w, has order-type
< W, and hence w, X w, has order-type < w,. It follows that w, X w, injects
into wg, and so R, - N, < N,.

Since N, = N, - 1 < X, - N, the result follows. O

Corollary 3. Let a < 8 be ordinals. Then X, +Xg =R, - Ng = Ng.

P?”OOf. NBQNQ—FN/;QNB'QgNg-Nﬁ:N/}. ]
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Note. In ZFC one can define more general infinite sums and products of car-
dinals. In the definitions below, as earlier, lower-case letters denote cardinals
and upper-case letters denote sets with cardinality the corresponding lower-case
letter.

Definitions. Let I be a set, and for each i € I let m; be a cardinal. Then
Z m; = card ( |_| Ml) and H m; = card (H Mi)
icl il iel iel

where | |;c; M; = U;c; M; x {i} and

] = {f; I = Ue; Mi ¢ f(i) € M; for alliel} :
el

Note. We need AC in these definitions twice. Firstly, we need to make a choice
of sets M; with cardinality m;. Secondly, when we show that these definitions
don’t depend on the choice of the M;, we need to make a choice of bijections
fi: M; — M where M/ is another set with cardinality m,.

Example. It is possible to show results similar to Theorem 3. For example, if
m; <N, for all i € I and card([) < R,, then Y, m; <N,.

Infinite products of cardinals relate to cardinal exponentiation which is hard. We
can achieve some reduction in the problem of studying cardinal exponentiation.
For example, if a < 3, then

M NG < (20) N = 2NN = g

So it is of interest to study cardinals of the form 2%. We know that Rg < 2%¢
but very little else is known. For example, a natural question is whether 2%
is equal to R;. Since 280 is the cardinality of R, this became known as the
Continuum Hypothesis (or CH for short):

(CH) oMo — N

P. Cohen proved in the 1960s that if ZFC is consistent, then so are ZFC+CH
and ZFC+—-CH. So CH is independent of ZFC.
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7 *Classical descriptive set theory*

Note. The material in this chapter is non-examinable. We study ‘definable’
sets in Polish spaces: Borel sets and projective sets (see definitions below). We
aim to cover enough material to show the existence of analytic non-Borel sets
(a sort of superficial analogue of P#NP) and that the Continuum Hypothesis
holds for analytic sets.

Polish spaces

Definition. A Polish space is a separable, complete metrizable topological
space.

Examples. The most important example for us is Baire space N' = NV, the
space of sequences in N with the product topology: open sets are unions of basic
open sets which are of the form

Uy ,..ome = {0 = (n;)ien €Nt ny =m; for 1 <i <k}

for any finite sequence my, ..., my in N. For m # n in NV, let k¥ € N be minimal
with my # ng, and set d(m,n) = 1/k. It is easy to check that d is a complete
metric on NV inducing the product topology (the open balls are exactly the basic
open sets). Moreover, the set of eventually constant sequences is a countable
dense subset of N'. Thus Baire space is indeed a Polish space.

Another important example is the space {0, 1} which is compact in the product
topology and can be viewed as a subspace of A/ in the obvious way. Further
examples are euclidean spaces R% and, more generally, separable Banach spaces
and closed subsets thereof.

Lemma 1. Every (non-empty) Polish space X is the continuous image of Baire
space.

Proof. By separability, we can write X as a union J,,,cy U of non-empty open
sets each of diameter at most 1. In turn, each U,, can be written as a union
Unen Um,n of non-empty open sets each of diameter at most 1/2. Continuing
this way, we find a family of non-empty open sets Uy, ... m, of diameter at most
1/k indexed by finite sequences in N such that Uy, m,_, = Umk€N Unni,...oma

for all k,mq,...,mp_1 € N.

Next, fix an element ., ... m, Of Up, ... m, for each finite sequence my,...,my
in N. Define ¢: N'— X by ¢(n) = limy_o0 Zn, .. n, for n = (n;);en € N. It is
straightforward to verify that ¢ is continuous and surjective. O

Lemma 2. N is homeomorphic to the set of irrationals in [0, 1].

Proof. Use continued fractions: Define

for n = (n;);en € N. O
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Borel hierarchy

Definitions. Let X be an arbitrary set. A o-field (or o-algebra) on X is a
subset F of the power set PX such that

(i) Ve F
(11) A17A2, - e F implics UnEN An e F
(ili) A € F implies X \ A € F

Note that in particular a o-field is closed under countable intersections (as well
as countable unions).

Now assume that X is a Polish space. The Borel o-field B on X is the smallest
o-field on X containing all the open sets. (Equivalently, B is the intersection
of all o-fields on X that contain the open sets; there exists at least one such
o-field, namely PX.) Members of B are called Borel sets.

Borel hierarchy. For a Polish space X, we define families ¥ and IT?, of subsets
of X for ordinals 1 < o < wy by recursion as follows.

YW ={UcC X: U open}

MY ={FcCX: F closed}
20411 = {Unen 4An © A, €10, for all n € N}
Mo ={X\A: Aexd,}

2 ={UpenAn: VR eNJa < X A, €112}

M ={X\4: Acx{}

where in the last two lines A is a non-zero limit. The collections of these families
is the Borel hierarchy of X.

We define A% =0 N0 for 1 < a < w;.

Example. X is the family of countable unions of closed sets known as F,-sets.

119 is the family of countable intersections of open sets known as Gs-sets.

Remark. Any open set in a Polish space (or indeed in any metric space) is
a countable union of closed sets, i.e., £9 C £9. An easy induction then shows
that ) C A% and IT;, C Af for 1 <o < 8 < wr.

=9 =9 2
¢ ¢ ¢ O ¢ ¢
AY AY AY
cC ¢ o ¢ oo ¢
il i I

Lemma 3. U 0 = U 1% = B in any Polish space.

1<a<ws 1<a<ws
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Proof. The first equality follows from the inclusions above. For the second
equality, first show by induction that X% C B for all 1 < a < wy, and then show
that Uy <oy, 30 is a o-field containing the open sets. O

Definition. A subset A C N x N is a universal X0 -set if
(i) Ais XY, and

(i) if BC N is X2, then B={n € N : (m,n) € A} for some m € N.

Theorem 4. For every 1 < a < w, there exists a universal Eg—set.

Proof. We first show that there exists a universal open set. Enumerate the basic
open sets (recall that these are indexed by finite sequences of positive integers)
as Ul, [jg7 Ug, ... Let

A={(m,n) e N xN:3JieNneU,,}

It is easy to check that A is open.

An open set B C N can be written as a union of basic open sets: B = J
for some m € N. Then

1EN U’Hli

neB & 3ieNnelU,, < (mmneA

and thus B={n € N': (m,n) € A}.

So far we have established the theorem for & = 1. One can prove the general
statement by induction on «. This is left as an exercise. O

Corollary 5. For each 1 < o < wy there is a ¥0-subset of A/ that is not I12.

Remark. This leads to the following refinement of the picture of the Borel
hierarchy of N.

9 9 >
G & G O G o
A} Aj Ag
O N N
Iy I3 T3

Proof. Fix a universal ¥0-set A C N'x N. Then B={n € N : (n,n) € 4} is
¥0 since n + (n,n) is continuous. If B is 12, then B={n € N : (m,n) ¢ A}
for some m € N. Considering whether m € B leads to a contradiction. O

Projective hierarchy

Definition. A subset of a Polish space is analytic if it is a continuous image of

N.

Examples. It follows from Lemma 1 that any Polish space, and thus any closed
subset of a Polish space, is analytic.
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Remark. We shall often use implicitly the following observation. The spaces
N x N = NN A 5 &= NN and AN = NVYXN are homeomorphic to A in
the obvious way.

Proposition 6. Let X be a Polish space and A C X. Then TFAE.
(i) A is analytic.
(ii) A is the continuous image of a Borel subset of some Polish space.

(iii) A is the projection onto X of a Borel subset of ¥ x X (for some Polish
space Y').

(iv) A is the projection onto X of a closed subset of Y x X (for some Polish
space Y).

(v) A is the projection onto X of a Borel subset of N x X.

(vi) A is the projection onto X of a closed subset of N x X.
Proof. Together with the trivial implications, showing (ii)=-(i)=(vi) will com-
plete the proof.

(i)=(vi): Let f: N — X be continuous with f(A) = A. Then A is the projec-
tion onto X of the graph {(n, f(n)) : n € N'} of f, which is closed since f is
continuous and X is Hausdorff.

(ii)=(i): We need to show that every Borel set is analytic. Since closed sets,
i.e., I1Y-sets, are analytic, it is enough to show that countable unions and in-
tersections of analytic sets are analytic. Indeed, an easy induction then shows
that ¥0-sets and I19-sets are analytic for all 1 < a < wy, and the result follows.

For each k € N let Ay C X be an analytic set, and let Fj be a closed subset of
N x X such that Ay is the projection onto X of Fj. Then

ze|JAr & 3JkeNIneN (naz)eF,
keN
< 3J(k,n) eNXN (n,7) € Fy

and thus J; oy Ax is the projection onto X of the closed subset
{(k,n,z) e Nx N x X : (n,z) € Fy,}
of N x N x X. Similarly, we have

ze (A & VkeNIneN (nz)€F,
keN

s @M en e NVVEeN 0P 2) € Fy,

and thus [,y Ax is the projection onto X of the closed subset

ﬂ{(n(l),n(Z),...,x) eNVx X: (W 1) e R}
keN

of MN x X. O
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Definition. We define X{ to be the family of analytic sets (in some Polish
space) and II1 to be the family of complements of analytic sets called coanalytic
sets. Then inductively, for 1 < n < w, we define ¥}, to be the family of

continuous images of II),-sets, and II},,; to be the family of complements of

¥, 1-sets. We also let A}, = ) N1II} for 1 < n < w.

Note. It follows from Proposition 6 that B C Al. Then an easy induction
establishes the following inclusions.

21 b 23
¢ o ¢ o ¢ ¢
A Aj Aj
o C o O o C
1 1} 1!

It follows that <, ., 25 = Ui<ney IIh; we denote the common union by P.

Definition. The collection of families L and TIL, 1 < n < w, is called the
projective hierarchy. Members of P are the projective sets.

Theorem 7. There exists a universal analytic set A C N x N.

Proof. Let U C N x (N x N) be a universal open set: If V C A x N is open,
then V ={(m,n) e N x N': (p,m,n) € U} for some p € N.

Let B C N be analytic. Then there is a closed set F' C N x N such that
B={neN:dmeN (m,n) € F}
and by the choice of U above, there exists p € A such that
B={neN:dmeN (pm,n) ¢ U} .

So if we set

A={(r,s) e NxN:3dmeN (r,m,s) ¢ U}
then A is analytic (projection of closed set) and
B={neN: (p,n) e A}

which shows that A is universal. O

Corollary 8. There exists an analytic subset of N that is not coanalytic, i.e.,
it belongs to ¥1 \ I1}.

Proof. Let A C N x N be a universal analytic set. Let
B={neN: (nn)eA}.

Then B is analytic since n +— (n,n) is continuous.

Assume B is also coanalytic. Then B ={n € AN : (m,n) ¢ A} for somem € N.
We get a contradiction by considering whether m € B. O
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Remark. We have already observed that Borel sets are both analytic and
coanalytic. So the set B constructed in the proof above is analytic non-Borel.
We will now show the converse that a set that is both analytic and coanalytic
is Borel.

Definition. We say two subsets Y, Z of a Polish space X can be separated
by Borel sets if there exist disjoint Borel sets B,C in X such that Y C B and
Z C C}; equivalently, there exists a Borel set B in X such that Y € B C X \ Z.

Theorem 9. (Lusin’s separation theorem) Disjoint analytic sets in a Polish
space can be separated by Borel sets.

Proof. We first observe that given sets Y = |J,,cnYn and Z = |J,cy Zn in a
Polish space, if Y, and Z,, can be separated by Borel sets for all m,n € N,
then Y and Z can also be separated by Borel sets. Indeed, for each m,n € N,
choose a Borel set B,, , such that Y,, C By, , C X \ Z,. Then the Borel set
B =U,enNpen Bm.n satisties Y ¢ B C X\ Z.

Now consider two disjoint analytic sets in a Polish space X. These have the
form f(N) and g(N) where f: N — X and g: N' — X are continuous with
FN) N g(N) = 0. Recall that for any finite sequence my,...,m of positive
integers, there is a corresponding basic open set

um,l,...,m,k = {Il eN: n; =m; for 1 <i < k}

in V. Now assume that f(N) and g(N) cannot be separated by Borel sets.
Since f(N) = Upen fUn) and g(N) = U,en 9(Uyn), it follows by the initial
observation that f(U,,,) and g(U,,) cannot be separated by Borel sets for some
mi,n; € N. Repeatedly applying this reasoning, we obtain m,n € N such that
fUm,,....my,) and g(Un, ... n, ) cannot be separated by Borel sets for any k € N.

Since f(N) and g(N) are disjoint, it follows that f(m) # g(n), and hence f(m)
and g(n) can be separated by disjoint open sets V, W (as X is Hausdorff). Hence
f~Y(V) and g~1(W) are disjoint open neighbourhoods of m and n, respectively,
and thus contain U, .. m, and Uy, .. n,, respectively, for a sufficiently large
k € N. It follows that f(Um,,..m,) CV and g(Un,,...n,) C W wich contradicts
the choice of m and n. O

Corollary 10. A subset of a Polish space is Borel if and only if it is both
analytic and coanalytic. In symbols: ¥1 NI = B.

Remark. This completes the proof of the existence of an analytic non-Borel
set. We now present a concrete example.

Example. Let Seq be the set of all finite sequences of positive integers. Then
PSeq = {0,1}5¢9 is a Polish space in the product topology (homeomorphic to
{0,1}" since Seq is countable).

Given s = (mq,...,my) and t = (ny,...,n;) in Seq, write s < t if 0 < k < I
and m; =n; for 1 < i < k.

Say T C Seq is a tree if s € T whenever s <t and t € T. Say n € N is an

infinite branch of T if (n1,...,ng) € T for all k € N. Say T is well-founded if
T has no infinite branch.

67



Let 7 be the set of all trees and WE'T be the set of all well-founded trees. Note
that T is a closed subset of P Seq, and thus 7 is also a Polish space. We show
that the subset WE'T of T is coanalytic. For any T' € T we have

T¢WFT < dneNVEkeN(ny,...,ng)€eT.

It follows that 7 \ WFT is the projection onto 7 of the closed set

(H{.T) €N X T: (ny,...,m) €T},

keN

and thus analytic. It is possible to show that WFT is not analytic, and hence
WFEFT is a coanalytic non-Borel set.

Definition. A subset of a topological space is perfect if it is closed and contains
no isolated points. (A point x in a subset A of a topological space X is isolated
in A if there is an open neighbourhood U of x such that U N A = {z}.)

Lemma 11. A non-empty perfect subset of a Polish space has cardinality 2%°.

Proof. Let A be a non-empty perfect subset of a Polish space X. Given x € A
and a radius r > 0, since « is not isolated in A, there exist y, 2z € A and a radius
s > 0 such that the closed balls Bs(y) and Bs(z) are disjoint and contained in
B.(z). (Note that we are implicitly assuming that X comes with a complete
metric defining its topology.)

Since A is not empty, we can fix a point xp in A. Using the observation above, we
inductively construct points z, . ., in A indexed by finite sequences €1, ..., ¢
in {0,1} (where 0 is the sequence of length one) and radii r1,72,... such that
the closed ball B,, (x.,....,) contains the disjoint closed balls B, ., (z<, ... c..0)
and By, (2c,.,....c,,1), and moreover r, — 0 as k — oo.

It is easy to verify that the function o: {0, 1} — A given by

p(e1,e2,...) = klgr;o A

is injective. It follows that 2% < card(A).

Since X is the continuous image of N, it follows that
card(A) < card(X) < card(N) = 2% |

and hence card(A) = 2%o. O

Theorem 12. Every analytic set either has a perfect subset or is countable. It
follows that every infinite analytic set has cardinality Xg or 2.

Proof. For a tree T let
[T)={neN: (n,...,n;) €T for all k € N}

be the set of all infinite branches of T'. Note that for T = Seq we have [T]| = N,
and for T € WET we have [T] = (). For a tree T and s € Seq, let

T(s)={teSeq: t<sors=<t}.
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Now fix an analytic set A in some Polish space X. Then A = f(N) = f([Seq])
for some continuous function f: A" — X. For a tree T let

T' = {s € Seq: f([T(s)]) is uncountable} .

Note that 7" is a tree contained in 7. Next, define trees T(® by recursion as
follows.

7O = Seq

7le) — (T(ﬁ))’ if o = g+

T(@) = ﬂ T®) if v is a non-zero limit
B<a

Since Seq is countable, there exists a < w; such that T7(tD) = T(@)  Set
T = T and consider the following two cases.

If T = (), then

a={J (£ £([T7)

B<a

and
f([Tﬁ]) \f([TﬂH]) = U {f([Tﬁ(s)]) : f([Tﬂ(s)]) is Countable}

which implies that A is countable.

Now consider the case when T # (). Given s € T, since s € T’, it follows
in particular that f([T'(s)]) has at least two distinct elements f(m) and f(n).
Then by the continuity of f, there exists k£ € N such that f([T'(mq,...,mg)]) N
Ff(T(n1,...,ng)]) = 0. We have thus shown that for all s € T there exist
t,u € T such that s < t, s < uwand f([T(¢)]) N f([T(u)]) = 0.

Using the above observation, we can construct elements s, .. ., of T for all finite
sequence €1, . .., & in {0, 1} such that for all k € N, we have s¢, . ¢, < Sey.....00.05
Seyer = Seqept and f([T(Sey, e,0)]) N F([T(Sey,..01)]) = 0.

Finally, let

M={neN:3() e {0,1}" such that s., ., <n forall ke N}.

One can show that M is compact and f(M) is a perfect set. This is left as an
exercise. O

69



