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1. INTRODUCTION

At the beginning of the 20" century mathematics experienced a crisis due to the discovery
of certain paradoxes (e.g. Russell’s paradox) in previous attempts to formalize abstract
notions of sets and functions. To put analysis on a firm foundation, similar to the axiomatic
foundation for geometry, Hilbert proposed a program aimed at a direct consistency proof of
analysis. This would involve a system of axioms that is consistent, meaning free of internal
contradictions, and complete, meaning rich enough to prove all true statements. But the
search for such a system was doomed to fail: Godel proved in the early 1930s that any system
of axioms that can be listed by some computable process, and subsumes Peano arithmetic,
is either incomplete or inconsistent. This is the Godel Incompleteness Theorem, and we will
prove it in the second half of this course. In the first half, we will develop the framework of
First Order Logic (FOL), culminating in a proof of the Completeness theorem, yet another
foundational theorem by Godel. From this we will derive the Compactness theorem, which
is one of the most useful tools of logic. In addition, we will discuss applications in various
fields of mathematics such as combinatorics and algebra.

2. FIRST ORDER LOGIC

Like any other field of mathematics, mathematical logic starts with a pile of definitions,
the importance and use of which will become apparent as we go. Right now, our position is
analogous to that of an instructor of geometry who has to define the concept of a differential
manifold from scratch without assuming knowledge of point set topology and differentiability.
So one has to patiently make his way through the definitions keeping in mind that the end
goal is worth it. Let the story begin...

2.A. Structures

Every mathematician recognizes a mathematical structure as such when he sees it. Here are
some

Examples 2.1.

(a) A graph is a pair I' = (I', E'), where I' # @ is the set of nodes and E is a binary relation
onTI' ie FEcI?Z

(b) A partial ordering is a pair P = (P, <), where P is a set and < is a binary relation on it
satisfying the following conditions:
(i) (Reflexivity) Vz e P, z <z,
(ii) (Antisymmetry) Yx,y € P, if x <y and y < x, then = =y,
(iii) (Transitivity) Vx,y,z € P, if x <y and y < z, then z < z.

(c) A group is a triple G = (G, 1,-), where G is a set, 1 is a fixed element of G (a constant)
and - is a binary operation on GG such that the following conditions hold:
(i) (Associativity) Va,y,ze€ G, - (y-2) = (z-y) - 2,
(i) (Identity) Vxe G, 1-x=x-1=ux,
(iii) (Inverse) Vx e G Jye G, xy = 1.
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(d) An ordered field is a 6-tuple F = (F,0,1,+,-,<), where F'is a set, 0,1 are some fixed
elements of F', + and - are binary operations, and < is a binary relation on F' such that
certain conditions are satisfied (too many to list here).

What is common between these examples? Well, they all have an underlying set together
with either relations, operations or constant elements (or all of the above as in example (d))
defined on it. Let’s formalize this and give an abstract definition of a mathematical structure.

Definition 2.2. A structure is a quadruple S = (S,C,F,R), where S is a set, C is a set
of elements from S (constants), F is a set of operations on S (i.e. each element of F' is
a function from S™ to S for some n > 1) and R is a set of relations on S (not necessarily
binary).

Although this definition covers all of the examples above, it is a bit awkward to use when
defining a class of structures that have the same “types” of constants, functions and relations.
It gets even worse when the structures in that class must also satisfy certain axioms. For
example, in trying to define the class of groups, we not only have to demand that in those
structures C and F are singletons, R = @ and the operation in JF is binary, but we also
have to make sure that the conditions (i)-(iii) of Example 2.1(c) are satisfied. To write these
conditions down, we need a coherent system of naming the constants, functions and relations
in these structures, i.e. we have to specify that 1 refers to the unique element in C and -
refers to the unique element in F. So why don’t we first fix a set of names (like {1,-}) and
then include their correspondence with the actual constants, functions and relations in the
definition of a structure? In fact, that is exactly what we will do.

Definition 2.3. A signature is a quadruple
T = (C7‘F7R7a)7

where C, F, R are pairwise disjoint sets (of symbols), which we refer to as the sets of constant,
relation and function symbols, respectively, and

a: FUuR - N7
(Here N>0 denotes the set of positive natural numbers because in logic N includes 0.)

A relation or function symbol P (i.e. an element of FUR) is said to be n-ary if a(P) = n.
The sets C, F, R should be thought of as names for constant elements, relations and functions
(operations), and not the actual constant elements, relations and functions themselves! It is
also good to keep in mind that any of the sets C, F, R can be empty.

Examples 2.4.

(a) The signature for graphs is
Tgraphs = (@, a, {E}7 (E = 2))7

However, this is too formal and hard to read, so in order to avoid headache (think of a
signature for ordered fields!) we simply write

Teraph = (£),
and then specify that E' is a binary relation symbol.
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(b) The signature for groups (or monoids) is

Tgroup = (]-7 ')7

where - is a binary function symbol and 1 is a constant symbol.

(c) The signature for rings is
Tring = (07 ]-7 +, -, ')7

where +, —, - are binary function symbols and 0, 1 are constant symbols.
(d) The signature for arithmetic is
Ta = (07 S) +, ')7
where 0 is a constant symbol, S is a unary function symbol (S stands for “successor”),
and +,- are binary function symbols.
(e) The signature for sets is
Tset = (E),
where € is a binary relation symbol.

Although in this examples the signatures are finite, it is not required by the definition.
Now we are ready to define a structure in a given signature 7 = (C, R, F).

Definition 2.5. A 7-structure is a pair S = (.S,7), where S is a set and i is a map (corre-
spondence) that assigns

e to each constant symbol ¢ in 7 a member i(c) of S
e to each n-ary relation symbol R in 7 an n-ary function i(R) € S™;
e to each n-ary function symbol f in 7 an n-ary function i(f): ™ - S.

We call S the universe of the structure S. The choice of the letter ¢ is because we think
of 7 as the wnterpretation of the symbols of 7 in the structure S. To simplify the notation,
we write ¢S instead of i(¢), for all symbols ¢ in 7, and so instead of (.5,7), we write

S = (S, {cS}eee AR} pers {5} fer)-
For finite signatures, we use an even simpler notation as in the following examples.
Examples 2.6.
(a) A complete graph on n vertices is a Teraphs-Structure
K, = (T, EX»),
where T is a set of n elements and E¥» =12,
(b) Z as a group is a Tgoup-structure
Z=(2,1%"%),
where 1% is 0 € Z and -Z is the usual addition operation.
(c) Here is a useless Typg-structure:

Rcrazy — (R) ORcraZy’ 1Rcrazy’ +Rcrazy’ _Rcrazy’ _Rcrazy )’
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where ORerasy [Rerasy are equal to m, +Reev is the sin(z + y) function, —Reras is the = +y
function and -Reraoy is the x+4y function. Clearly Reyazy is far from being a ring although
it is a structure in the signature of rings.

(d) R as a field is a Typg-structure:
R = (Ra OR7 1R7 +R7 _R7 'R)>
where all of the symbols are interpreted in the usual way.

(e) The structure of natural numbers as a 7,-structure will be the central object of this
course:
N = (N, 0N, SN +N Ny,
where 0N, +N_.N are defined in the usual way, and SN is the successor operation (i.e.
the unary function of adding 1).

Since it is annoying to keep writing S in the superscript to denote the interpretation of
symbols of 7 in a 7-structure S, we omit it as long as it is clear from the context that we mean
the interpretations rather than the symbols. For example, we will write N = (N,0,5, +,-)
instead of N = (N, 0N SN +N_.N),

In algebra, one of the first things you learn after the definition of a group is the definition
of a subgroup, homomorphism and isomorphism. We do the same with arbitrary structures.

Definition 2.7. For 7-structures A, B, we say that A is a substructure of B and write A ¢ B
if Ac B and the interpretations of 7 by A and B coincide on A, more precisely:

o A =B, for any constant symbol ¢ in T,

o fA = fB| . for any n-ary function symbol f in 7, i.e. fA(a)= fB(a) for all de A,

e RA = RBn A" for any n-ary relation symbol R in 7, i.e. RA(d) < RB(a) for all
aeA™.

For example, (N,0,+) is a substructure of (Z,0,+), Z = (Z,0,1,+,-) is a substructure of
R = (R,0,1,+,-). If 7 only contains relation symbols, then any subset is (a universe of) a
substructure. For example, if (', £') is a graph and A ¢ T', then (A, EnA2), i.e. the induced
subgraph on A, is a substructure of (I', F'). However, note that being a subgraph is not
the same as being a substructure of a graph: indeed, a subgraph of a graph (I', ') can be
missing some edges between vertices it contains even though these edges may be present in
E and this kind of subgraph isn’t a substructure of (I, E).

Note that the intersection of substructures of the same structure is again a substructure.
Let B be a 7-structure and S ¢ B. The substructure generated by S is the smallest substruc-
ture containing S, i.e. it is the intersection of all substructures of B that contain S. We
denote this fact by A = (S)g. Note that the universe of (S)g is obtained from S by throwing
in the constants of B and closing it under the functions B. For example, the substructure
of R=(R,0,1,+,-) generated by @ is (N,0,1,+,-) (why?).

For a 7-structure B and A ¢ B, we say that A is a universe of a substructure of B if
the universe of (A)g is A (in other words, A already contains all of the constants of B and
is closed under the functions of B). For example, if 7 only has relation symbols, then any
subset A ¢ B is a universe of a substructure.

Definition 2.8. Let A, B be 7-structures. A function h: A - B is called a 7-homomorphism
(or just homomorphism) if h respects the interpretation of 7, more precisely:
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o h(cA) =B, for any constant symbol ¢ in 7,

o h(fA(a)) = fB(h(a)), for any n-ary function symbol f in 7 and for all d € A",

e RA(a) = RB(h(a)), for any n-ary relation symbol R in 7 and for all G € A",
where for d = (aq,...,a,), h(a) = (h(ay),...,h(a,)). Denote this by h: A - B.

Note that in this definition, we only require = for relations. This asymmetry is justified
by the fact that if we look at the graphs of functions fA and fB as (n + 1)-ary relations
R} and RP, then, putting b = fA(a), the condition h(f4(a)) = fB(h(a)) is equivalent to
RfA(&, b) = R?(h(&), h(b)).

It is straightforward to verify that for h: A — B, h(A) is a universe of a substructure of
B.

Definition 2.9. Let A, B be 7-structures. A function h: A — B is called a 7-isomorphism
(or just isomorphism) if A is bijective and both h and h~! are T-homomorphisms; in this case
we write h : A = B. The structures A, B are called isomorphic if there is an isomorphism
between them; denote this by A ~B.

Definition 2.10. Let A, B be 7-structures and h : A - B. Recalling that h(A) is the
universe of (h(A))g, call h a T-embedding (or just embedding) if A is an isomorphism between

A and (h(A))s. We denote this by h: A - B.

Note that if A ¢ B then the inclusion map is an embedding. This wouldn’t be true if in
the definition of substructure we had = for relations instead of <.

Sometimes in algebra we consider the universe of a ring as an abelian group under addition,
in other words, we “forget” the multiplication operation. We make this precise here.

Definition 2.11. Let 7,7’ be signatures with 7 € 7/, let A be a 7-structure and B be a
T/-structure. We say that A is a reduct of B (or B an expansion of A) and write A =B |,
if A and B have the same underlying set and the same interpretations of the symbols of 7.

For example, (R, 0, +) is a reduct of (R, 0,1, +,-), which in its turn is a reduct of (R,0,1, +,
5 <).

2.B. Language and interpretation

Now we have to define the language of the First Order Logic (FOL) that will allow us to
express statements about 7-structures, like axioms (i)-(iii) in Example 2.1(c). Although the
definitions below are very natural, they are somewhat annoying to write and even to read.
The readers are advised to try to come up with the definitions themselves before (instead
of?) reading.

Let 7 denote a signature for the rest of the section.

Definition 2.12. The alphabet FOL(7) of the first order language in the signature 7 com-
prises of the symbols in 7 and the following additional symbols:

e logical symbols =- A v - V 3

e punctuation symbols , ()

e variables vg, vy, vg, ...

Words in FOL(7) are finite sequences of symbols from FOL(7).
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Definition 2.13. A 7-term (or a term in FOL(7)) is a word formed by the following recursive
rules:

(i) each constant symbol is a term;
(ii) each variable is a term;
(iii) if ¢, ...,t, are terms and f € 7 is an n-ary function symbol, then f(t,...,¢,) is a term.

Examples 2.14.

(a) (vo-1)-vsis a term in FOL(Tgroup). Note that the way this term is written is technically
incorrect, we should have written -(-(vg,1),v3), but the latter is almost impossible to
read, so we will keep abusing notation and write the former way.

(b) S(0+wvy)+S(S(S(vq))) is a term in FOL(7,) (the language of arithmetic).

(c) Variables v, vy, ... are the only terms in FOL(7graph)-
We also often use letters different than vy, vy, ... to denote variables, e.g. v, u,x,y, 2.

Definition 2.15 (Interpretation of terms). Let M be a 7-structure and ¢ be a 7-term build
using variables from @ = (vy,...,v,,). We define the interpretation of t(v) in M as a function
tM: M — M by induction on the construction of ¢ as follows: for a = (ay, ..., a,) € M™,

(i) if t = ¢, where ¢ is a constant symbol in 7, then tM(a) = ¢M;

(i) if ¢ = v, then tM(a) = a;;
(iii) if £ = f(tq,...,tx), where ty, ..., t; are terms and f is an k-ary function symbol in 7, then
tM(a) = M), ..., 131 (@))

So one should think of the term ¢(?) as a name of the function tM. Note that if ¢ = vy,
then ¢(vy) is interpreted as a unary function, while ¢(vy,v2) as a binary function (although
it does not depend on vs). This is exactly what we do with polynomials for example: we
write p(x,y) = 22 + 1 to mean that this is a polynomial in two variables z and y although it
doesn’t depend on y.

Definition 2.16. A 7-formula (or a formula in FOL(7)) is a word formed by the following
recursive rules:

(i) if s,t are terms then s =t is a formula;
(ii) if ¢y, ..., t, are terms and R € 7 is an n-ary relation symbol, then R(t1,...,%,) is a formula;

(iii) if ¢ and ¢ are formulas then -(¢), (¢) A (¥), (¢) v (¥), (¢) - (¥), Yveo, Fvg are

formulas.

The formulas in the first two cases of the definition are called atomic. Also, if a formula
is formed without the last case, then it does not have any quantifiers, so we call it quantifier
free (or q.f. for short).

According to this definition, (Vz(z =y)) A (x # 2) is a valid formula (in any signature),
although the third occurrence of x has nothing to do with its first two occurrences, where
x is used as the variable of the quantifier. The use of x as the variable for the quantifier is
a bad idea because it makes reading of the formula hard and confusing. (Imagine writing
x [01 xdz instead of z fol tdt in a calculus course!) Thus we make a convention to not use
such bad notation.

Convention 2.17. We say that the variable v is quantified in the formula ¢ if Vo or Jv,
for some formula v, occurs in some stage of the recursive construction of ¢. We make the



FIRST ORDER LOGIC AND GODEL INCOMPLETENESS 9

convention that each variable v can be used with a quantifier only once (Yvt) or Jvi) occurs
at most once) and in this case v is not allowed to be used elsewhere other than in 1.

This convention makes things like (Va(z = y)) A (z # z) invalid, and one should write
(Vt(t=y)) A (x# z) instead.

A variable v is free in a formula ¢ if it occurs in ¢ and is not quantified. A formula without
free variables is called a sentence. Note that all statements (theorems, conjectures, etc.) in
mathematics are sentences (in the language of set theory).

We interpret formulas in a given structure M as n-ary relations on M, for some M, or,
equivalently, as functions from M" to {true, false}. Just like we did with terms, we define
interpretation for ¢(v) (as opposed to just ¢), for a vector of variables ¥ = (vy,...,v,), as
long as the free variables of ¢ are among v, ..., v, and none of vy, ..., v, is quantified in ¢.

Definition 2.18 (Interpretation of formulas). Let M be a 7-structure, ¢ a 7-formula and
let ¥ be as above. For @ = (ay,...a,) € M™, we define the relation M & ¢(a) by induction on
the construction of ¢ as follows:

(i) if ¢ is ty = ta, then M & ¢(a) if tM(a) = t)(a);

(ii) if ¢ is R(t1, ..., tx,), then M E ¢(a) if RM(tM(a), ..., 18 (a)), i.e. (M(a),....tM(a)) € RM;
(iii) if ¢ is —t), then M £ () if M # ¢(a);
(iv) if ¢ is ¥ A0, then M E ¢(a) if M E ¢(a) and M = 0(a);

v) if ¢ is ¢ v O, then M E ¢(a) if M E(a) or M = 6(a);
(vi) if ¢ is Yup(v,u) (hence w is not in ¥ by our assumption), then M & ¢(a) if for all

be M, M E (a,b);

(vii) if ¢ is Ju(¥,u), then M & ¢(a) if there exists be M, Mk ¢(d,b).

We read M E ¢(d) as ¢ is true (holds) about a in M. Note that the above definition
applies when ¢ is a sentence and n = 0. In this case, we read M E ¢ as ¢ is true/valid (holds)
in M. For a vector of variables @ = (vy, ..., v, ), we say that a formula ¢(?) is valid in M and
write M £ ¢(9) if M E Vi¢(0), where Yo abbreviates Yv;Vvs...Vu,.

Note that some of the logical symbols we use are redundant: we could restrict to using
only -, v, 3 and the rest would be expressible in terms of these. So what we usually do is
the following: we use all of the symbols when it is convenient, but in our inductive proofs
we only take care of the cases with —,v,3 or =, A,V or other equivalent combinations.

Examples 2.19.
(a) NES(S(0)) =2.

(b) Let Nexp = (N, 0,5, +,-,exp), where 0, S, +, - are interpreted as usual and exp is the binary
exponentiation function: exp(n,m) =n™ for nonzero n and exp(0,m) = 0. Thanks to A.
Wiles, we now know that Ney, E VnVazVyVz[(n > 3Aaexp(z,n)+exp(y,n) = exp(z,n)) -
(r=0vy=0)], where n >3 stands for n #0An # S(0) An+S(S(0)).

(c) RE3Jy(a=y-y) holds for all non-negative a € R.

Lemma 2.20. Let A, B be two T-structures. If h: A - B is a homomorphism, then for any
term t(v) and d € A",

h(t*(a)) = t%(h(a)),
where h(a) = (h(ay),...,h(a,)).
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Proof. We prove by induction on the construction (length) of ¢.

e If t = ¢, for a constant symbol ¢ in 7, then t4(d) = ¢® and hence we have
h(t%(a)) = h(c*) = c® =15 (h(a))

because h is a homomorphism.
o If t = v;, for a variable v;, then t4(d) = a; and hence we have

h(t2(a)) = h(a;) = t%(h(a)).
o If t = f(t1,...,tx), for a function symbol f in 7, then
h(t*(@)) = h(f2(t1 (@), ...t (a)))
[ is a homomorphism] = fB(h(t(d)), ..., h(te(@)))
[by the induction hypothesis] = fB(tB(h(a)),...,t2(h(a)))
=t%(h(a)).
U

Proposition 2.21. Let A,B be two T-structures. If h: A — B is an isomorphism, then for
any formula ¢(vy,...,v,) and (ai,...,a,) € A",

AEod(ay,...ap) <= BEo(h(ar),...,h(ay,)).
Proof. We prove by induction on the construction (length) of ¢. For the step of induction,
it is enough to consider only the following cases: ¢ = =), ¢ = 1)1 A1)y and ¢ = FJv.
o If ¢ =t =15, then
AE¢(a) = t1(a) =t (a)
[h is injective] <= h(t2(a)) = h(t2(a))
[by Lemma 2.20] <= t2(h(ad)) =t2(h(a))
<~ BE¢(h(a)).
o If » = R(t1,...,tx), then the calculation is similar to the previous case (also uses
Lemma 2.20).
e If ¢ =1, then
AEg(i) < Ary(a)
[by the induction hypothesis] <= B# ¢ (a)
~— BEo¢(h(a)).
o If ¢ =11 A1)y, then the calculation is similar to the previous case.
o If ¢ = Fvy, then
AEe¢(d) < Fa' e A,AEY(d,a)
[by the induction hypothesis] <= 3Ja’ € A,B =y (h(a),h(a"))
[use surjectivity of h for <] <= 3be B,B = (h(d),b)
~— BEo(h(a)).
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Proposition 2.22. If a 7-structure A is a reduct of a 7'-structure B, then for every t-
formula ¢(0) and a € A" (= B"),

Ak 6(id) < Br o(a).

Proof. Trivial induction on formulas and possibly also terms. 0

2.C. Definability

Definition 2.23 (Definability). Let M be a 7-structure and A ¢ M. D c M"™ is called
A-definable (or definable from A) in M if there is a formula ¢(Z,7), where Z = (x4, ..., 2,)
and 4 = (Y1, ..., Ym) (for some m >0), and @ € M™ such that Vbe M"

beD < Mk ¢(b,a).

If A=, we say that D is 0-definable, and if A = M, we say that D is definable. We say
that an element b € M™ is definable if so is the singleton {B} For a set D ¢ M, a function
f: D™ —> M is called A-definable if so is its graph {(a,b) € D" x M : f(a) = b}.

Note that the set D,,(A) of A-definable subsets of M" is an algebra, i.e. it is closed under
finite unions and complements and contains @ and M™. It is very useful to consider the
topology T,(A) on M™ generated by D, (A). It is clear that D,(A) is actually a base for
that topology. Note that this topology might not be Hausdorff (see Example 2.24(c) below)
and whether it is compact or not is tightly related to a property called saturation, which
however is outside the scope of this course.

Examples 2.24.

(a) In R =(R,0,1,+,-), the set of positive numbers is 0-definable by the formula ¢.q(z) =
x # 0 A Jy(x = y?), where y? is the abbreviation for y-y. Using this, one can define the
binary relation <€ R? by the formula ¢.(z,y) = ¢so(y — x) (0-definable). Thus R and
R.=(R,0,1,+,-,<) have the same definable sets.

(b) In R« the set {r e R : r < w} is definable by the formula x < 7. It turns out that
this set is not O-definable. This follows from the fact that 7 is transcendental and a
famous theorem of Tarski that R. admits “quantifier elimination”, which implies that
all 0-definable sets are just finite unions of intervals with algebraic (or infinite) endpoints.

(c) In C =(C,0,1,+,-), the set {\/2,—/2} is O-definable by ¢(2) = 22-2 = 0, where 22 and 2
are the abbreviation for z-z and 1+ 1, respectively. However, /2 itself isn’t 0-definable!
This follows from the fact that C admits “quantifier elimination” (as we will see later),
so the only definable sets are those defined by polynomials and Boolean combinations
thereof. In particular, the topology 71(@) of O-definable sets isn’t Hausdorff (not even
Toy) as any O-definable set containing V2 also contains —/2.

(d) In any graph T = (T, E), the set

{(u,v) € G* : the edge-distance between u and v is <2}
is 0-definable by the formula

¢(x,y) =xEyvIz(xEz A 2Ey).
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Similarly, one can show that for any n > 1, the set
{(u,v) € G*: the edge-distance between u and v is < n}
is O-definable. However it turns out that the set
{(u,v) € G*:u and v are connected }

is not even definable in some (actually most) graphs. We will prove this later on in the
course after proving the Compactness theorem.

The definable subsets of N = (N, 0,5, +,-) are called arithmetical. 1t is easy to see that a
set is definable in N if and only if it is 0-definable.

2.D. Theories and models

Given a signature 7, a set of T-sentences is called a 7-theory. The sentences in a theory T’
are often referred to as axioms.

We say that a nonempty 7-structure M satisfies (or models) a 7-theory T" and write M £ T
if M E ¢, for every ¢ € T'. Equivalently, we also say that M is a model of T

A theory T is called satisfiable (or semantically consistent) if it has a model.

Given a 7-structure M, we put Th(M) = {¢ : ¢ is a T-sentence and M k ¢}. Note that
Th(M) is satisfiable and for every 7-sentence ¢, Th(IM) contains exactly one of ¢ and —¢.

We say that a 7-theory T satisfies a 7-sentence ¢ and write T & ¢, if every model of T
satisfies ¢, i.e. VM E T(M E ¢). Equivalently, we say that T semantically implies ¢.

Examples 2.25.

(a) The theory GRAPHS of undirected graphs with no loops in the signature Tgpaph = (E)
consists of the following axioms:
(i) (Undirected) YaVy(zEy — yEx),
(ii) (No loops) Vz(-zEx).

(b) The theory of undirected infinite graphs with no loops in the signature 7gpapn = (£):
GRAPHS,, = GRAPHS U {3v;Jvy...3v, A\ v; # v; 1 n > 2}.

i<j

(c) The theory PO of partial orderings in the signature 7po = (<) consists of the following
axioms:
(PO1) (Reflexivity) Va(z < z).
(PO2) (Antisymmetry) VaVy(z <yary<z -z =y),
(PO3) (Transitivity) VaVyVz(r <yAay<z —>x < 2).

(d) The theory GROUPS of groups in the signature 7goup = (1,-) consists of the following
axioms:
(G1) (Associativity) VaVyVz[z-(y-2) = (z-y) - 2],
(G2) (Identity) V[l -z =x-1=x],
(G3) (Inverse) Yx3Iy[xy = 1].
We know from group theory that GROUPS k VaVyVy/'(yzr =1=xy -y =1').
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(e) Similarly, one defines the theory RINGS of rings in the signature 7yng = (0,1, +,—,+) (too
many axioms to write, but still finitely many), and then the theory FIELDS of fields is
defined as RINGS together with the following three axioms:

(F1) (Nonzero) 0 # 1,
(F2) (Commutativity) VaVy[z -y =y-x],
(F3) (Multiplicative inverse) Va3y[zy = 1],

(f) So far all the theories were finite. Here is an example of an infinite theory. The theory
of algebraically closed fields in the signature 7yn,:

ACF = FIELDS u {VaoVa;...Ya,3r[a,r™ + ap 7" + ...+ ayr + ag = 0] : m e N}.

(g) The theory of fields of characteristic p, for a prime number p:
FIELDS, = FIELDS U {1 +1 +...+ 1 = 0}.
—_—

p
One can easily show that for any n > 0,

FIELDS,E1+1+..+1=0 <= p divides n.
|

(h) The theory of fields of characteristic 0:
FIELDSy = FIELDSu {1+ 1+ ...+ 1#0:p prime}.
—_——

P
It is easy to see that for all n > 1, FIELDSg =1+ 1+...+1#0.
—_—

n

(i) The theory of algebraically closed fields of fixed characteristic n, where n is either 0 or
prime:

ACF,, = ACF U FIELDS,,.

(j) The theory PA of arithmetic, called Peano Arithmetic (defined by Peano), in the signa-
ture 7, = (0, S, +,-) consists of the following (infinitely many) axioms:
(PA1) Vz[-S(x) =0],

(PA2) VaVy[S(z) = S(y) >z =y],

(PA3) Va[z+0=1x],

(PA4) VaVy[S(z+y) =z +S(y)],

(PA5) Va[z-0=0],

(PAG) YaVy[z-S(y)=x-y+zx],

(PAT7) (Axiom schema of induction) for all 7,-formulas ¢(z, %), where z is a variable and

g is a vector of variables, the following is an axiom:

[0(0,9) AVz(d(z,9) > ¢(z + 1,4))] = Yao(z,y).
Clearly, N = PA, where N = (N, 0,5, +,).

(k) The Zermelo-Fraenkel set theory, ZFC, is a theory in the signature 7y = (€), in which
all of the mathematics is derived. Its list of axiom schemas is a little too long to be
listed here, so it is enough to mention that they express some basic facts about sets such
as existence of unions, definable subsets, an infinite set, etc.
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Definition 2.26. A property ® of 7-structures is called axiomatizable if there is a 7-theory
T such that for each 7 structure M

M has property & <= MET.

One can think of the property ® as the class of 7-structures satisfying that property. We
showed above that for example the classes of infinite graphs, groups, algebraically closed
fields, etc., are axiomatizable. However, we will show later on in the course that the class of
connected graphs (as well as of disconnected graphs) is not axiomatizable (try proving that
it is axiomatizable to see where the problem is).

2.E. Elementarity

Let B be a 7-structure and A a substructure of B. It is an interesting question as to which
formulas A and B agree on. The following is all we can say for general A ¢ B.

Proposition 2.27. Substructures agree on quantifier free formulas; more precisely, for -
structures A € B, any quantifier free T-formula v and a € A", we have

A E~q(d) < BEeq(a).

Proof. Easy induction on the construction of v which only involves the cases v = =¢, v = pAY,
and v = t; = to, where for the latter case one has to use Lemma 2.20 and the fact that the
inclusion map A < B is a homomorphism. O

However, the opinions of a structure and a substructure about formulas with quantifiers
may differ. Typically, a formula of the form 3x¢(x) may be valid in the bigger structure but
may not be in the substructure simply because the object for which ¢ holds (which we refer
to as a witness) may not be in the universe of the substructure. For example, in the signature
Teroup; & Substructure of a group may not be a subgroup because not all elements might have
inverses in the substructure. Even if it was a subgroup, it might disagree with the ambient
group about the truth of statements like “being abelian” or “a particular element commutes
with everybody” (they may be true in the subgroup, but false in the ambient group). The
following definitions isolate those substructures which agree with the ambient structure on
all of the statements about the elements of the substructure.

Definition 2.28 (Elementary embedding). Let A B be 7-structures. An embedding f :
A — B is called elementary if for all formulas ¢(Z) and tuples d € A™,

AE¢(i) <= Beo¢(f(a)).
If such f exists, we say that A elementarily embeds into B and write A -, B.

Definition 2.29 (Elementary substructure). A substructure A of a T-structure B is called
elementary if the inclusion map is elementary. We denote this by A < B.

Proposition 2.30 (Tarski-Vaught test). Let A be a substructure of a T-structure B. A is
an elementary substructure of B if and only if for every formula ¢(Z,y) and a € A",

BE Jyo(a,y) < 3Ja’ € A such that B = ¢(a,a’).
Proof. =: Supposing A < B, we check the Tarski-Vaught condition:

[elementarity] B E 3Jyo(d,y) <— AE Jyp(a,y)
[definition of K] <= 3Ja’ € A such that A = ¢(a,a’)
[elementarity ] <= 3da’ € A such that B = ¢(d,a’).
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<=: Suppose the Tarski-Vaught condition holds and show by induction on the construction
of formulas that for every 7-formula ¢ and d € A", we have

Ak (@) < Broa).

Since Proposition 2.27 takes care of the atomic formulas and the cases ¢ = -1 and ¢ = g A1
are straightforward, so we only consider the case ¢(Z) = Jy1(Z,y). Fix @ € A® and check:

[ Tarski-Vaught condition] B E Jyi(a,y) <= 3Ja’ € A such that B E ¢ (a,a’)
[induction] <= 3Ja’ € A such that A = ¢(d,a’)
[definition of ] —  Ar=3JyY(a,y).

O

Given a 7-structure B and S ¢ B, we could define a substructure generated by S as the
smallest substructure containing .S mainly because intersection of substructures is still a sub-
structure. However, intersection of elementary substructures may not be elementary, so we
cannot define “the elementary substructure generated by S” like we did with substructures.

Let us re-examine how the substructure generated by S is produced: we have to throw in
all the constants of B into S and close the resulting set S; under the functions of B. The
closing is an iterative process that one has to repeat Ro-many' times, that is, assuming S,
is defined, let S,.1 := S, UUjery fB[Sn], where F is the set of function symbols of 7 and if
f € Fg is a k-ary function, then fB[S,] stands for fB(SF). Finally put A := U2, S, and
this A will be closed under all functions in Fg, hence will be a universe of a substructure.
It is worth noting here that |A| < max(|S|,|7],Ro).

Now according to the Tarski-Vaught test, to be a universe of an elementary substructure,
a set has to also contain witnesses to all formulas that claim existence of an object and are
valid in B. So in our procedure above, at every step, we have to additionally throw in these
witnesses together with values of functions, and that’s all. In fact, only throwing witnesses
will also add the values of functions because for every k-ary function symbol f and a € B,
the unique witness to the formula 3y f(a) = y is exactly fB(d). Same is true for constant
symbols.

The following theorem summarizes this discussion:

Theorem 2.31 (Lowenheim-Skolem). Let B be a T-structure and S ¢ B. There exists A < B
with A2 S such that |A| < max(|S|, |7, Ro).

Proof. We start by choosing witnesses for the formulas that claim existence of an object in
B. For each T-formula ¢(Z,y), where # = (21, ..., 21 ), define a partial® function f,;: B¥ ~ B
by b+~ one of the witnesses to B & Hygb(l;,y) if such exist; more precisely, if B Elygb(l;,y)
then fy,(b) is defined and is equal to one of the elements® ' € B for which B & ¢(b, V).
These f4 ) are often called Skolem functions.

Now we recursively construct an increasing sequence (.S, )nen of subsets of B as follows:
put Sy =S5, and assuming S, is defined, let

St = S U for(SF).
o,k

Iy denotes the cardinality of N.
2A partial function f: X — Y is a function whose domain is a (possibly empty) subset of X.
3We are using the Axiom of Choice here.
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Finally, let A := U, S, and it is now straightforward to check that A is a universe of a
substructure, which passes the Tarski-Vaught test and is thus elementary. U

Remark. In the definition of the Skolem functions above, it was possible that the same
formula had multiple witnesses and we were free to choose any of them. Depending on this
choice, the resulting substructure may be different (i.e. it is not canonical), and that is why
there is no notion of “the elementary substructure generated by S”.

Definition 2.32 (Elementary equivalence). Let A and B be 7-structures. We say that A
and B are called elementarily equivalent, and write A = B, if Th(A) = Th(B).

By Proposition 2.21, isomorphic structures are elementarily equivalent. However, the
converse is falsel For example, it is a homework problem to show that (Q,<) and (R, <)
are elementarily equivalent (in fact, (Q,<) < (R, <)), but they clearly cannot be isomorphic
simply because of cardinality considerations.

2.F. Formal proofs

So far, we have been dealing with the semantic (model-theoretic) aspect of FOL, i.e. struc-
tures/models, satisfiability, definability, etc. In this section we turn to the syntactic aspect,
namely proof systems and formal proofs.

We fix a signature 7 for this subsection and everything below is assumed to be in this
signature.

We need the following technical definition in order to state some of the axioms:

Definition 2.33. Let ¢ be a formula and ¢ be a term. We say that ¢ is free for v in ¢ if no
variable in ¢ is quantified in ¢ and v is not quantified in ¢. If ¢ is free for v in ¢, we define
¢(t/v) to be the formula obtained from ¢ by replacing all occurrences of v by t.

Thus whenever we write ¢(t/v), it is assumed that ¢ is free for v in ¢. Also, from now on,
we treat ¢ vV psi; ¢ A1; Jug as abbreviations for —¢ — ¥; = (¢ - —1)); =Vv-¢.
The following are the azioms (or azxiom schemes) and rules of inference of FOL(7).

Propositional axioms. For every 7-formula ¢, v, y, we have:

Axioms for —:

(1) o= (¥~ 9)

(2) (p=¢)=>[(¢=>W—>x))~ (¢~ x)]
Axiom for —:

(3) (=) > [(¢ > ) > -0]

(4) ~—¢—>0¢
(5a) (¢ =) = (= > =¢); (5b) (= > =¢) = (¢ > V)
Axioms for A:

(6) ¢ = [v = (dA1)]
(7Ta) (pAY) = ¢; (Th) (pAy) > ¢

(8) (pA=0) >
Axioms for v:

9) (0= x) = [(W—=x) = {(¢VV) = X)]
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(10a) ¢ = (¢ v¥); (10b) ¥ — (¢ v 1))
Quantifier axioms. For every 7-formula ¢, 1, x, 7-term ¢, and variable v, we have:
(11) You(¢ - ¢) - (¢ - Yuh) [v does not occur in ¢
(12) Instantiation: Yvgp — ¢(t/v) [t is free for v in @]
(13) Generalization: ¢ — Yv¢ [v is not quantified in ¢]
(14) F-elimination: (¢ — 1) — (Jve — ) [v is not quantified in ¢ and does not occur in )]
(15) ¢(t/v) - Jug [t is free for v in ¢

Equality axioms. For every n € N, each n-ary relation symbol R and n-ary function symbol
f in 7, we have:

(16) v=v;v=0v" v =v; (V=V AV =0") > v=0"
(17) (AR vi = wi) = (R(v1, ..., v) = R(wy, ..., wy))
(18) (AiLyvi =w;) = (f(v1, ..y vn) = fwr, ..., wn))

Rule of inference. For every 7-formula ¢,, we have:
(19) Modus Ponens: ¢, ¢ > = @

The proof of the following lemma is an easy but tedious verification:

Lemma 2.34. All of the axioms above are valid in every T-structure and Modus Ponens
preserves validity.

Definition 2.35. Let T be a theory and ¢ be a formula. A proof of ¢ from T is a finite
sequence ¢1, ¢a,...¢, of formulas such that ¢, = ¢ and for each ¢
either ¢; is an axiom of FOL(7),
or ¢;eT,
or ¢; follows from the previous ¢;-s by Modus Ponens; more precisely, for some j,k <1, ¢;
is obtained from ¢; and ¢, by Modus Ponens.

We say that T' proves ¢ (or ¢ is proved in T') and write T" + phi if there exists a proof of
¢ from T. When T = &, we just write - ¢.

The following example illustrates formal proofs and how tedious (even hard) it can be to
find formal proofs of statements that are “obviously” true.

Example 2.36. Here is a formal proof of § - 6 from the empty theory, for all formulas 6:
i) (@ - (O —->0)->[0->({(0->0)—>0)) - (0~ 0)] [Axiom (2) for ¢ = x = 6 and
b= (0-0)),
(ii) 0 - (6 - 0) [Axiom (1) for ¢ =) = 6],
(iii) (0 - ((68 = 0) - 0)) - (6 - 0) [Modus Ponens (i), (ii)],
(iv) 8 - ((0 - 0) - 0) [Axiom (1) for ¢ =0 and ¢ = (0 — 0)],
(v) @ -6 [Modus Ponens (iii), (iv)].

The following proposition justifies why we introduced a proof system and formal proofs:
Proposition 2.37 (Soundness). If T+ ¢ then T E ¢.
Proof. This follows by induction on the length of the formal proof of ¢ and Lemma 2.34. [J

Lemma 2.38 (Deduction theorem). For a theory T, a sentence x and a formula ¢,

T x+¢ < Trx—o.
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Proof. <: Follows by an application of Modus Ponens.
=: Letting ¢1, ..., ¢, with ¢,, = ¢ be a proof of ¢ from T'u {x}, we show that T+ xy - ¢ by
induction on n.

Case n = 1: ¢ = ¢ is an axiom of FOL(7) or is in 7. Then T + ¢, and by Axiom (1),
T+¢— (x—¢), so Modus Ponens gives T'+ y — ¢.

Casen =1: ¢ = ¢1 = x. Then T + x - ¢ is the same as T + ¢ — ¢, which is done in
Example 2.36.

Case n = n+1: ¢ = ¢, is obtained by Modus Ponens. Then there is 7,5 < n such that
¢j = ¢; > ¢. By the inductive hypothesis, T'+ x - ¢; and T+ x = (¢; - ¢). By Axiom (2),

Tr(x=¢:)~>[(x= (¢ >9)) > (x> 9)]
so applying Modus Ponens twice, we get T+ x — ¢. 0

Let S be a set of symbols neither of which is in 7. Then we denote by 7(S) the extension
of 7 obtained by adding to it the symbols in S as constant symbols. If S = {s1,...,s,} is
finite, we just write 7(s1, ..., $n)-

Lemma 2.39 (Constant Substitution). Let ¢ be a symbol that is not in T and let v be free
in a T-formula ¢. For a T-theory T,

T+ o(c/v) < T+ ¢,
where in the first statement T is viewed as a 7(c)-theory.

Proof. This is done by induction on the length of the formal proof and is left as an exercise.
O

3. COMPLETENESS OF FOL AND ITS CONSEQUENCES

Proposition 2.37 (the soundness of the proof system) says that if we have a “first order
(finite) certificate” that something is true (is a syntactic consequence of T'), then it is indeed
true (in every model of 7). What about the converse: is the validity of ¢ in every model
of T witnessed by an actual formal proof from 77 If the answer to this question was
no, mathematicians would appear in a pretty rough shape since it would be possible that
some (first order) statement was true in every model of T" (e.g. Hilbert’s Nullstellensatz for
algebraically closed fields), but we would have no (first order) way of proving it. Fortunately,
the answer is YES and that is the content of the Completeness Theorem to which this section
is devoted.

3.A. Syntactic-semantic duality, completeness and compactness

We have already defined some syntactic and semantic notions for a theory T such as T + ¢,
T & ¢, T is satisfiable. In this subsection, we define some more notions and draw analogies
between the semantic and syntactic ones. Finally, we state the Completeness theorem, which
in my opinion should have been called the Syntactic-Semantic Duality theorem. It is called
Completeness because it shows that the proof system defined in the previous section is
“complete” in the sense that the axioms and rules of inference that we threw in are enough
to prove any statement that is logically (semantically) implied by 7'
Let T denote the sentence YV (x = z) and set 1= —T.
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Definition 3.1. A 7-theory T is said to be

e consistent if there is no 7-sentence ¢ such that T+ ¢ A —¢;
o complete if for any 7-sentence ¢, T'+ ¢ or T + —¢;
e semantically complete if for any 7-sentence ¢, T E ¢ or T E —¢.

Note that a satisfiable theory is consistent by the Soundness of the proof system. Also,
any inconsistent theory is automatically complete because one can easily show that +1— ¢
for any 7-formula ¢. Clearly, Th(M) is complete for any 7-structure M.

The following is a more convenient characterization of semantic completeness.

Proposition 3.2 (Semantic completeness, rephrased). A 7-theory T is semantically com-
plete if and only iof for any A, BT, A =B.

Proof. Left as an exercise. 0J

Lemma 3.3 (About consistency). Let T be a T-theory.

(a) T is consistent if and only if there is a sentence x such that T v x.

(b) T is consistent if and only if every finite subset of T is consistent.

(c) For any sentence x, T U{x} is inconsistent if and only if T + -x.

(d) If T is consistent, then for any sentence x, at least one of T U {x} and T u{-x} is
consistent.

(e) If Jvp(v) is a sentence, T U{Fvp(v)} is consistent, and c is a constant symbol that does
not occur in T u{JFvp(v)}, then T u{p(c)} is consistent.

Proof. Part (a) just expresses the fact that once a theory proves a contradiction, then it
proves every sentence. (b) follows from the fact that proofs are finite. We prove the rest in
detail.

The right-to-left direction of (c¢) is immediate, and we show the other direction. Assume
T u {x} is inconsistent and hence T,y +1. By the Deduction theorem (this is where we
really need this theorem), 7'+ y —1, and hence, by Axiom (4) and Modus Ponens, we get
T+ T - -x. But Tis an axiom (more precisely, it follows from Axioms (16) and (13), and
Modus Ponens), so T'+ T, and hence by applying Modus Ponens again, we get T'+ —x.

For (d), we prove the contrapositive. Assume both T'u{x} and T'u{-x} are inconsistent.
Then by (c¢), T'+ -x and T+ ==x. Thus 7'+ x A =x and hence is inconsistent.

For (e), we also prove the contrapositive. Assume T'U{¢(c)} is inconsistent. Then by (c),
T + -x(c). By the constant substitution lemma (Lemma 2.39), T'+ -¢(v), and by Axiom
(13), T+ Vu-¢(v), so T + =Fve(v). Thus, by (¢), T u{Jvgp(v)} is inconsistent. O

Note the following “compactness” phenomenon: if T + ¢, then there is a finite T, ¢ T
with Ty + ¢. This is an immediate consequence of the fact that formal proofs are finite and
hence they only use finitely many axioms from 7'. This “compactness” statement is actually
equivalent to the fact that the following topological space is compact: let T be the set of
all consistent complete theories and take the topology generated by the sets of the form
(¢) ={T €T : T+ ¢}, where ¢ ranges over all T-sentences. The proof of the equivalence
uses the following lemma and is left as an exercise.

Lemma 3.4. Any (syntactically) consistent T-theory T has a consistent completion, i.e.
there exists a consistent complete T-theory T 2T
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Proof. We give two proofs: one for countable 7 and one for arbitrary 7; the first one is a
(seemingly) more hands on construction and students not familiar with Zorn’s lemma may
find it more helpful.

Proof for countable 7. In this case there are only countably many formulas, so we can enu-
merate all sentences (¢, )nen. Put Tp := T, and recursively construct an increasing sequence
(1)) nen of consistent theories as follows. Assuming that 7}, is defined and is consistent, put
Toi1 = T, u{on} if T,, ¥ =¢,, and put T,41 = T, U {=¢,}, otherwise. It follows from (c)
of Lemma 3.3 that T, is consistent. Finally, put 7" := U, T,,. Note that 7" 2 T and T"
is consistent: indeed, if it was inconsistent, then, by (b) of Lemma 3.3 some finite subset
F cT" would be inconsistent, but this F' would be trapped in some 7,,, i.e. F'cT,,, making
T,, inconsistent, which is a contradiction. Lastly, it is immediate from the construction that
T’ is complete.

Proof for arbitrary 7. By (b) of Lemma 3.3, inconsistent theories have inconsistent finite
subsets, so arbitrary increasing unions of consistent theories are consistent. Thus, by Zorn’s
lemma, there is a S-maximal consistent theory 77 2 T" and it remains to show that it is
complete. Indeed, if it wasn’t, then there would be a sentence ¢ such that T” # ¢ and T" # —¢.
But then, by (c) of Lemma 3.3, T” := T" u {¢} is consistent and 7" 2 T’ contradicting the
maximality of 7T". OJ

The following table compares the notions we have defined.

Notions Syntactic (Proof-theoretic) Semantic (Model-theoretic)
Consistency Twl 3 (nonempty) M e T
Implication Tro¢ TE®

Completeness Vo, T+¢or T+ ¢ VA BET, A=B
Compactness |T+¢ = Jfinite 1o T, To+¢ | TE¢p = I finite To T, TH E ¢

Although the statements in each row are clearly analogous, there is no immediate reason
to think that they may be equivalent. For example, it is not clear at all whether the semantic
version of the compactness statement is true. This is why one should appreciate the following

Theorem 3.5 (Completeness of FOL; Gédel, 1929). Any consistent T-theory T is satisfiable.
In fact, it has a model of cardinality at most max{|r|, Ro}.

Remark 3.6 ( (silly)). Completeness of FOL should NOT be confused with completeness
of a theory; these are two completely different notions, they just use the same adjective
(unfortunate terminology). I put this remark here because I have had students ask me
whether Godel’s Completeness theorem contradicts his Incompleteness theorem. The first
one means Completeness of FOL, the second means Incompleteness of PA (as a theory).

Before proceeding with a proof of this theorem, let us mention a couple of very important
immediate corollaries.

Corollary 3.7 (Syntactic-semantic duality). The statements in each row of the above table
are equivalent. In particular, for any T-sentence ¢,

Tro¢ = Tk
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Proof. We only prove that T & ¢ implies T' + ¢ since the rest easily follows from it. We show
the contrapositive. Suppose T # ¢, in particular T is consistent (inconsistent theories prove
everything). Moreover, T U {-¢} is consistent by (c¢) of Lemma 3.3, so the Completeness
theorem gives a model M £ T U {=¢}, and hence, T # ¢. O

Remark 3.8. If one somehow manages to prove a first-order statement ¢ about all models of
T using methods from outside of FOL, the syntactic-semantic duality implies that there is
a first-order proof of ¢ from T and using external methods was an overkill.

A theory is called finitely satisfiable if every finite subset of it is satisfiable. Rephrasing
the semantic version of the compactness statement above, we get (probably) the most useful
theorem of logic:

Theorem 3.9 (Compactness). If a T-theory T is finitely satisfiable, then it is satisfiable. In
fact, it has a model of cardinality at most max{|r|,Ro}.

Proof. Because T is finitely satisfiable, every finite subset of it is consistent. Hence T is
consistent and the Completeness theorem applies. 0

The Compactness theorem has a wide range of applications and we will mention some of
them in the upcoming lectures.

3.B. Henkin’s proof of Godel’s Completeness Theorem

In this subsection we give a proof of Godel’s Completeness theorem that is due to Henkin.

We start with a consistent theory 7T in a signature 7 and our goal is to build a model for
it. To appreciate the difficulty of this task, think of the following particular case: given a set
of (first order) conditions together with the field axioms, how hard would it be to construct
a field satisfying those conditions. In this example at least, our knowledge of algebra may
help finding or constructing such a field, but to build a model for T, it’s not even clear where
to start.

The first question we need to address is what underlying set we should take for our future
model. In general, the objects in the underlying sets of different structures are of different
nature; for example, the objects in the group GL,(R) are matrices, whereas those in the
group S, are permutations. But of course, we can always take isomorphic copies of these
structures whose underlying sets are build of the same material, such as names or symbols.
More precisely, given a structure M = (M, 7), we can give a name ¢, to each element
m € M, obtaining a new underlying set Cys := {¢;,, : m € M} and a 7-structure M’ := (Cyy, 7)
isomorphic to M, but the objects in the underlying set of M’ are just names (i.e. symbols).
It’s like taking GL,(R) and replacing the matrices with their pictures (JPEG images if you
will).

We can use this idea of naming the elements of a given structure even further. Given
Th(M), we usually cannot recover the structure M even if we know the underlying set M.
However, we can upgrade our signature 7 so that we can: put 7/ := 7 U C};, where the
cm € Cyy are treated as constant symbols in 7/. We may then naturally extend M into a 77/-
structure M’ by interpreting each constant symbol c,, as m, i.e. ¢M :=m. Now the structure
M’ = (M, 7") is such that every element in its underlying set M has a name in the signature
7/, 80 Th(M’) will tell us exactly how the constant symbols, function symbols and relation
symbols in 7/ are interpreted in M’; for example, if my, mo,mz € M and fM (my,my) = ms,
then Th(M’) would contain the 7/-sentence f(cmy s Cmy) = Cims-
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Why is this useful for us in proving the Completeness theorem? Well, we are to build a
model of T, so we have to define interpretations of the symbols in 7 so that it agrees with
T, so it would be really nice if T' could tell us how exactly to define those interpretations
because if we follow do exactly as 1" says, then naturally we will end up with a model of T’
because T is consistent. However, T', as given, may have a very incomplete picture of how
it’s models look like; for example, it could be incomplete. We can fix the incompleteness of
T by completing it (see Lemma 3.4) and working with a completion instead, but even this
is not enough. We want our signature to be rich enough to provide means for the theory to
give us specifics about the elements of the future model we are trying to construct, just like
Th(M’) does. The following definition makes this precise.

Definition 3.10. A o-theory H is called a o-Henkin set (or just a Henkin set) if

(H1) H is consistent,
(H2) for each o-sentence x, xy € H or -x € H,
(H3) if Jue(v) € H, then there is a constant symbol ¢ in ¢ such that ¢(c) € H.

Note that the existence of a Henkin set implies that ¢ has at least one constant symbol.
The constant ¢ in (H3) is called a Henkin witness for Jup(v), so basically a Henkin set is
a consistent (strongly) complete theory with Henkin witnesses. Our initial signature 7 may
not contain Henkin witnesses, so we artificially create them and throw them into 7; more
precisely, letting « := max{|7|,Ro}, we take a set D := {d,, } < of distinct constant symbols
not in 7 and put 7:=7U D.

Lemma 3.11 (Constructing a Henkin set). If T' is consistent, then there exists a T-Henkin
set H2T.

Proof. We will prove this assuming 7 is countable to make the exposition easier to understand
for those readers who are not familiar with the ordinals and cardinals. However, the readers
who are familiar are invited to prove this for general 7. Note that for countable 7, k = R,
so D :={d, }nen-

Since 7 is countable, there are exactly Rg-many 7-sentences, so we enumerate them:
(¢n)nen- We emphasize, that these ¢, range over all T-sentences, not just 7-sentences. Let-
ting 7, ;= 71U {d; : i < n}, for n >0, we recursively construct an increasing sequence (H, )nen;,
where each H,, is a consistent complete 7,,-theory, as follows: let Hy be a completion of T’
and suppose that H, is defined and satisfies the required conditions, i.e. it is a consistent
complete 7,-theory. If every sentence in H,, of the form Jv¢(v) has Henkin witness, then
H,, is a Henkin set in the signature 7,, and we are done. Otherwise, there is a sentence
¢ of the form Jue(v) that doesn’t have a Henkin witness and we take m to be the least
such index. Since Jv¢(v) € H, and H, is consistent, so must be H, u {¢(d,)} by (e) of
Lemma 3.3 because d,, does not occur in H,,. Thus, we let H,,,; be a completion of H,, in the
signature 7,,1, and this finishes the construction of the sequence (H,),.n. Finally, taking
H := U, H,, we leave it as an exercise to verify that H is a 7-Henkin set. ([l

Having constructed a 7-Henkin set H, we now construct a model of H, i.e. a T-structure
satisfying H and then take its reduct to the signature 7 (i.e. forget the names of Henkin
witnesses).

Lemma 3.12 (Constructing a model for a Henkin set). If H is a Henkin set in a signature
o, then it has a model. In fact, it has a model whose cardinality is at most the cardinality of
the set of constants in o.
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Proof. As our first attempt, we take the set of constant symbols C' of ¢ as the universe of
our future model C with the following interpretations: for all ey, ...,e,,e € C,

cC = for every constant symbol ¢ in o
RC(ey,...,e,) <= R(ey,...,e,) € H, for every n-ary relation symbol R in o
fC(e1,....en)=e <= f(e1,....,e,) =e€ H, forevery n-ary function symbol f in o.

This construction almost works except that it may well be that ¢ = ¢/ € H, for distinct
constant symbols ¢ and ¢/ in C. Because of this, C is not even a o-structure since the last
clause defines a multi-valued function. Even if we managed to choose a single valued branch
for f€, C would still not be a model of H because it would not satisfy ¢ = ¢/. So what we
do is we mod out C' by the equivalence relation ¢ = ¢/ € H. More precisely, for all ¢,¢’ € C,
define

c~c < c=c € H.

It follows from Axioms (12) for equality that ~ is an equivalence relation on C.
Put M =C/ ~,s0 M ={[c]:ceC}, where [c] denotes the equivalence class of c. We define
a o-structure M with universe M and the following interpretations: for all ey, ...,e,,e € C,

M= c], for every constant symbol ¢ in o

RM([e1],...,[en]) <= R(ey,...,en) € H, for every n-ary relation symbol R in o
™M([e1], -, [en]) =e <= f(e1,...,en) =€e€ H, for every n-ary function symbol f in o.

Claim 1. M is well-defined.

Proof of Claim. One has to prove that the definitions of RM and f™M do not depend on the
choice of the representatives of the equivalence classes, but this immediately follows from
Axioms (17) and (18) of FOL(7). Moreover, for f as above, we need to show that for all
€1, ...,e, € C, there exists e € C' such that f(ey,...,e,) =e€ H. We aim at getting such e € C'
as a Henkin witness to Jv¢(v), where ¢(v) = f(eq,...,e,) = v, so it is enough to show that
H + Fvp(v). But by Axioms (16) and (12), H + f(ey,...,en) = f(eq,...,e,), and the latter
sentence is precisely ¢(f(eq,...,e,)/v). Thus, H + ¢(f(eq,...,e,)/v), so using Axiom (15),
we get H + Jvp(v). ~

Claim 2. For every o-term t with no variables, there exists ¢ € C' such that ¢t = ¢ € H and
MEt=[c].

Proof of Claim. We do induction on the construction (length) of . The case of t being a
variable is excluded, so the only base case is t = e, where e is a constant symbol of . Then
take c = e, and clearly e = e € H since + e = e. Also, by the way we defined the interpretation
for constants, Mk e = [e].

Now assume that ¢t = f(¢y,...,t,). By the induction hypothesis, we have c¢1, ..., ¢, € C' such
that t; = ¢; € H and M £ t; = [¢;], for ¢ = 1,...,n. Thus by Axiom (18), H + f(t1,....tn) =
f(c1y..oscn). Also, because fM is a function, M & f(t1,....t,) = f(c1,...,cn). Now, by the
definition of the interpretation of function symbols, there is e € C' such that f(cy,...,c,) =
ee Hand M E f([c1],...,[cn]) = [e]. Thus, by Axiom (16), f(t1,...,t,) = e € H, and by
transitivity of equality, M & f(t1,...,t,) = [e]. —|

Clatim 3. M e H.
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Proof of Claim. We show that for every o-formula ¢ and ¢4, ...,¢, € C,
M= o([c1], - [en]) <= o(c1,...,en) € H

by structural induction on the construction of ¢. The cases of equality and a relation symbol
are handled by applying Claim 2 and Axioms (16), (17). The case of - follows easily from
the induction hypothesis and the completeness of H, while the case of A follows from the
induction hypothesis and the FOL(7) axioms for A. We now handle the remaining case of

o([er], o [en]) = Fv([er], -, [en], v) as follows:
M = ¢([c1], ..., [cn]) < there is [b] € M such that M E ¢([c1], ..., [en], [b])
[by induction] <= there is b e C such that ¥(cy,...,c,,0) € H
— Jvo(cy,...,cy) € H,

where in the last equivalence, == is by Axiom (15) and <= is because there are Henkin
witnesses. =

The last claim finishes the proof of the lemma. O

Proof of the Completeness Theorem 3.5 (Henkin, 1949). By Lemma 3.11, there is a 7-Henkin
set H 2T. Now applying Lemma 3.12 to 0 =7 and H, we get a model M of H of cardinality
at most |o| and hence at most k = max{|7|,R¢}. Finally, take the reduct of M to the signature
T. 0

From now on, we will not differentiate between the notions of consistent theory and sat-
isfiable theory, completeness and semantic completeness, etc.

3.C. The Skolem “paradox”

The Completeness theorem has the following striking consequence: if ZFC is consistent
(which we really hope it is), then it has a countable model. This is maybe strange because
that countable model M believes that there is an uncountable set since Cantor’s theorem
that R is uncountable is true in M. Does this imply that ZFC is inconsistent?

The answer is of course NO and here are the two reasons why (the main reason is (2)):

(1) Tt may well be that M = N with a binary relation eM defined on it. So what if somehow M
satisfies the statement that reads “there is an uncountable set”? It is just some statement
about this binary relation éM and it does not imply anything about the actual sets and
the cardinality of M.

(2) Even if M was a set of sets and €M was the true €, then the countability of M would
simply imply that M’s version of the real numbers, RM, is indeed countable (for us),
i.e. there is a bijection of RM with N. This bijection is a set (any function is a set
of pairs), but it may not be an element of M. In fact, since M satisfies the statement
“RM is uncountable”, we conclude that NO bijection of RM with N is an element of M.
In other words, M does not “see” the countability of RM and thus thinks that RM is
uncountable. It’s like how people thought the world was endless before they discovered
it was round since all they could see was the ocean up to the line of the horizon and for
all they knew it continued forever. It was also not too long ago that we still thought the
universe was infinite until we discovered the big bang theory. The difference is that we
eventually obtained this (perhaps still questionable) knowledge, while M never will.
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3.D. Elementary diagrams and the upward Lowenheim-Skolem theorem

One of the numerous consequences of the compactness is the following general statement
about cardinalities of models.

Theorem 3.13 (Léwenheim-Skolem, weak version). If a 7-theory T' has an infinite model,
then it has a model of any cardinality x > max{|7|,Ro}.

Proof. Put T =7 U{¢4}a<x, Where ¢, are constant symbols that are not in 7. Define
T'=Tu{ca#cs:a+b,a,pB <k}

T is finitely satisfiable since it has an infinite model. Thus, by the Compactness theorem,
T’ has a model M of cardinality at most x since |T| = kK > ®o. On the other hand, [M| > &
since ) # cj! for distinct o, 3 < k. Thus |[M] = k. O

This theorem implies for example that PA has uncountable models!

Recall that the Lowenheim-Skolem theorem gave us an elementary substructure A of a
given 7-structure B of any cardinality x <|B| as long as x > max{|7|,Ro}. We would like to
also get an upward version of this, i.e. start with a 7-structure A and get an elementary
extension B > A of any cardinality > max{|A|,|7|,R0}. To achieve this, we may consider
applying the previous theorem to Th(A). However, this would only give us a structure B
that is elementarily equivalent to B, i.e. A =B, whereas we want A <. B. This is because
Th(A) has no means to capture the truth about the elements of A — same problem we ran
into in the discussion preceding the proof of the completeness theorem and we handle it the
same way: we give names to elements of A.

Definition 3.14. Let A be a 7-structure. Let Cy := {c, : a € A} be a set of distinct symbols
not in 7 and define a new signature 74 := 7 U Cy4, where the symbols in C'4 are treated as
constant symbols.

Theorem 3.15. Any 7-structure A has an elementary extension of any cardinality k >
max{|A|,|7],Ro}; more precisely, there is a T-structure B such that |B| =k and A < B.

Proof. Extend the signature to 7/ by adding a name (constant symbol) for each element of
A and let A’ be the corresponding 7/-structure (natural extension of A to the signature 7').
Get a model of Th(A') of cardinality . O

3.E. Nonstandard models of arithmetic

A nonstandard model of Peano arithmetic is any model of PA that is not isomorphic to
N = (N,0,5,+,-). As mentioned above, PA has uncountable models and hence they are
nonstandard. In this subsection we construct a countable nonstandard model of PA.

For the rest of the subsection we work in the signature 7, = (0,9, +,-) of arithmetic.

For each n € N, recursively define a 7,-term A(n) as follows:

{ A(0)=0
A(n+1)==8(A(n)) -

Note that for every n € N, N = A(n) =n and hence N = {A(n)N :n e N}.

Proposition 3.16. There is a countable nonstandard model of PA.
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Proof. Let w be a new constant symbol not in 7, and consider the extension o = 7, U {w}.
Put

T=PAu{w+A(n):neN}.

T is finitely satisfiable because for any finite 7y € T, letting n be the maximum number with
w # A(n) € Ty, the expansion of N to a o-structure with w being interpreted as n + 1 satisfies
Ty. Thus, by the Compactness theorem, T" has a countable model M.

To see that this M is nonstandard, assume for contradiction that there is an isomorphism
f:N > M. Since f(A(n)N)=A(n)M, f[N] = {A(n)M:n e N}. But then wM ¢ f[N] and
thus f is not surjective, a contradiction. 0

3.F. Applications to combinatorics

In this section we give one application of the Compactness theorem to combinatorics, but
many more are given as homework problems.

The following is the most basic and well known theorem of infinite combinatorics. For a
set S, let [S]? denote the set of two element subsets of S (think of it as the set of edges of the
undirected complete graph on S). Given a 2-coloring of [N]2, i.e. a function ¢: [N]? - {0,1},
a set £ ¢ [N]? is said to be monochromatic if all elements of E have the same color, i.e. ¢|g
is constant. A set A ¢ N is called monochromatic if [A]? is monochromatic.

Theorem 3.17 (Infinite Ramsey). For any 2-coloring of [N]?, there exists an infinite
monochromatic subset of N.

Proof. For a € N and A ¢ N, put (a,A4) = {{a,a’} : a’ € A~{a}}. Set Ay = N and take
sequences a, € N and A, ¢ N satisfying:

(i) an € Ay,

(i) Aps1 € A, is infinite and (a,, A,41) is monochromatic.

It is easy to see that such sequences (a, )ney and (A, )pey exist (define them recursively). Call
a, red if all elements of (a,, A,.1) have color 0, otherwise call it blue. Clearly, there is a sub-
sequence (ay, )gey With all a,, having the same color (red or blue). Now it is straightforward
to check that A = {a,, }rey is monochromatic. O

We now derive the Finite Ramsey theorem from this using the Compactness theorem. The
original combinatorial proof is much messier (look it up).
Let n={0,1,....,n—1}.

Theorem 3.18 (Finite Ramsey). For every m € N, there exists n € N such that for any
2-coloring of [n]?, there exists a monochromatic subset A € of cardinality m.

Proof. Let T be the signature containing constant symbols ¢,, for every n € N, and a binary
relation symbol R (think of R as a symbol for coloring: the color of {z,y} is 1 if R(z,y)
and 0 otherwise). Fix m € N, and for each n € N, let ¢, be a 7-sentence expressing that
{co, 1, ..., Ch_1} does not have a monochromatic subset of cardinality m (there are only finitely
many such subsets, so we can express it).

Now assume for contradiction that for any n, there is a 2-coloring of [72]? such that 7 has
no monochromatic subsets of cardinality m. Thus the theory T = {¢, : n € N} is finitely
satisfiable and hence has a model M. Let C' = {¢M :n € N}. By Infinite Ramsey theorem, C
has an infinite monochromatic subset A, i.e. either for all distinct a,a’ € A, RM(a,a’) or for
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all distinct a,a’ € A, =RM(a,a’). Let n be large enough so that An{¢; :i <n} has at least
m elements. Then it is clear that M ¥ ¢,,, a contradiction. 0

Remark 3.19. Mathematicians sometimes refer to this kind of arguments as “compactness
and contradiction arguments”. Now that we have learnt the Compactness theorem, we can
just say “by the Compactness theorem” as opposed to “by a compactness and contradiction
argument”.

4. COMPLETE THEORIES

As mentioned above, it is easy to see that every consistent theory has a (consistent)
completion. So why don’t we only consider complete theories and not have to deal with
the issues that come with incomplete theories? For example, why don’t we just work with
Th(N) instead of PA? The problem is that it is hard (in a very precise sense) to check
whether a given statement is an axiom of Th(N) or not. For example, is the Twin Prime
Conjecture in Th(IN)? We wish we knew. The whole point of mathematics is to derive
complicated statements from “easy-to-verify” axioms. We will see in the next section that
“easy-to-verify” means that we can write a computer program that checks whether a given
sentence is an axiom or not. For example, all of the theories in Examples 2.25 satisfy this
criterion.

Now the question is: having defined some reasonable theory, like ACF,, is it complete? In
other words, are these axioms enough to capture the first-order essence of say algebraically
closed fields of characteristic p? In this section we develop a sufficient condition for verifying
completeness, using which we show that ACF, is complete.

4.A. The Los$-Vaught test

Definition 4.1. Let k be a cardinal. A 7-theory T is called k-categorical if any two models
of T of cardinality s are isomorphic. We say that T is uncountably categorical if it is
r-categorical for some uncountable cardinal k.

Examples 4.2.

(a) The theory VECg of vector spaces over Q is uncountably categorical; in fact, it is
r~-categorical, for every uncountable cardinal .

Proof. This is by virtue of the fact that every vector space has a basis and to construct

an isomorphism between vector spaces it is enough to find a bijection between their
bases. Details to be added. U

(b) Let DLO be the theory of dense linear orderings without endpoints, i.e. DLO comprises
of the following axioms in the signature 7 = (<):
(i) Antireflexivity: Vz(z £ x)
(i) Antisymmetry*: VaVy(x <y -y ¢ )
(iii) Transitivity: Va:Vsz[(x <YAy<z)->x< z]
(iv) Linearity: VxVy[(x Fynrdy) > y< x]
(v) Density: VxVy[x <y—3Iz(r<z< y)]

4This is redundant since it follows from antireflexivity and transitivity.
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(vi) No endpoints: YaxIyIz(y <z < 2)

It is not hard to show that DLO is Ro-categorical and hence (Q,<) is the only (up
to isomorphism) countable dense linear ordering without end points. We leave proving
this as an exercise.

(c) For a finite 7-structure A, Th(.A) is absolutely categorical, i.e. any two models B, B’
Th(A) are isomorphic.

We will see shortly that an argument similar to that for vector spaces shows that ACF,, is
r-categorical as well (for every uncountable cardinal k).

Proposition 4.3 (Los-Vaught test). Let T be a T-theory that has an infinite model. If T is
k-categorical for some K > max{|r|,Ro}, then T is complete.

Proof. Let A,B £ T and we need to show that A = B, by Proposition 3.2. By the weak
version of Lowenheim-Skolem (3.13), there are A’ = Th(A) and B’ = Th(B) such that |A’| =
k =|B'|. Since T is k-categorical, A’ ~ B’ and hence A’ =B’. Thus A= A’=B’=B. O

This immediately gives that the theories VECg and DLO are complete.

One cannot help mentioning the following very important theorem that started the modern
model theory:

Theorem (Morley, 1965). Let T be a theory in a countable signature T. If T' is uncountably
categorical, then it is k-categorical for every uncountable cardinal k.

Thus it is not a coincidence that the theory of vector spaces is k-categorical for all un-
countable cardinals x. The proof of this theorem is far outside the realm of this course, but
it is worth mentioning that the most important ingredient of it is showing that if a structure
is such that all of its definable sets are either finite or cofinite (complement is finite), then
it admits a “basis” similar to the vector space basis, and so one can use the same argument
as for vector spaces to construct isomorphisms.

Lastly, we would like to mention the following long standing open problem that, although
being model-theoretic in nature, has been best understood (but not completely solved) in
the context of descriptive set theory:

Vaught’s conjecture. Let 7 be a countable signature and 7" be a complete 7-theory having
infinite models. If T" has uncountably many nonisomorphic countable models, does it have
continuum many nonisomorphic countable models?

4.B. Algebraically closed fields and the Lefschetz Principle
We now aim at satisfying the conditions of the Los-Vaught test for ACF,,.
Lemma 4.4. Fvery algebraically closed field is infinite.

Proof. For any finite field F = {ay, ..., a, }, the polynomial (z - a;)(z - az)...(x —a,) + 1 does
not have a root in F'. Thus F' is not algebraically closed. U

The proof of the following is similar to that of the theory of vector spaces being uncountably
categorical, and can be safely omitted by the reader if (s)he does not feel like remembering

field theory.
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Proposition 4.5. For p prime or 0, ACF, is k-categorical for any uncountable cardinal k.

Proof. Let Kq,Kj £ ACF, with |K;| = |K3| = k. For i =1,2, let F; be the base field of K;, i.e.
the substructure of K; generated by @. (If p = 0, then F; is a copy of Q; otherwise it is a
copy of Z/pZ.) Since F; and F; are clearly isomorphic (as rings), we can assume without loss
of generality that F} = Fy =: F'. Let B; be transcendence base over F'in K;. (Transcendence
base is a maximal collection of algebraically independent elements over F.) Now it is not
hard to see that K; = F(B;), where F(B;) denotes the field generated by B; over F' and
F(B;) denotes its algebraic closure in K.

Thus, because F' is countable, |K;| = |B;|- R¢ + |F|. If B; is countable then so is |By| - R,
but K; is uncountable, and hence B; is uncountable. Then, by basic cardinal arithmetic,
|Bi| - ®o + |F| = |B;] and so k = |K;| = |B;]. Hence, there is a bijection f : B; - By. This f
uniquely extends to an isomorphism of F(B;) onto F'(Bs), which in its turn extends (not

necessarily uniquely) to an isomorphism of K; = F'(B;) onto Ky = F(Bs). O
Corollary 4.6. ACF, is complete, for any p prime or 0.
Proof. Follows from 4.4, 4.5 and the Los-Vaught test (4.3). O

The following was once just a principle (a belief) in algebraic geometry, but it was later

on formalized and turned into a theorem by A. Robinson (who was by the way a professor
at UCLA):

Theorem 4.7 (Lefschetz Principle). Let C = (C,0,1,+,—,-). For a Tng-sentence ¢ the
following are equivalent:

(1) CE ¢.

(2) K ¢, for some K = ACF.

(8) ACFq E ¢.

(4) For sufficiently large primes p, ACF, = ¢.

(5) For infinitely many primes p, there is K = ACF, such that K E ¢.

Proof. (1) < (2) < (3): Follows from the completeness of ACF.
(3) = (4): ACF, = ¢ implies ACF, + ¢ by the Completeness theorem. Hence, because
proofs are finite, there is a finite T' € ACF, such that T+ ¢. But then, by the definitions of
ACF, and ACF,, for sufficiently large prime p, T' ¢ ACF,. Thus ACF, - ¢ and hence ACF, E ¢.
(4) = (5): Trivial.
(5) = (3): We prove the contrapositive: assume (3) fails. But then ACF, £ -¢ and
hence, by (3) = (4), for sufficiently large primes p, ACF, & ~¢. Therefore (5) is false. [

4.C. Reducts of arithmetic

Definition 4.8. Let T" be a 7-theory. A 7-theory T” is called an axiomatization for 7" if for
all 7-sentences,
Tr1 << T'+¢.

PA was constructed as an attempt to “conveniently” axiomatize Th(N), where “conve-
nient” means that there is a computer program recognizing the axioms (we will make this
more in the next section). However, as we will see, Gédel’s Incompleteness theorem states
that PA is incomplete. In fact, there is no convenient axiomatization for Th(N), i.e. any
subtheory 7' € Th(IN) is either incomplete or inconvenient.
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What about reducts of N? Does the theory of (N, 0, S) or even of (N, 0, S, +) admit a con-
venient axiomatization? In other words, where is the boundary of incompleteness? It turns
out that unlike N, the theories of (N, 0,.5) and (N, 0, S, +) admit convenient axiomatizations,
and this is what we will focus on in this subsection.

We start with Ng := (N,0,5). Let 7¢ = (0,5). Here is our first (and last) attempt of
axiomatizing Th(INg). Let theory T consist of the following axioms:

(S1) Zero has no predecessor: Yz (S(z) #0).

(S2) The successor function is one-to-one: VaVy(S(x) = S(y) = x =y).

(S3) Any nonzero number is a successor of something: Ya(z #0 - Jy(xz = S(v))).

(S4) For all n € N, there are no n-loops: Yz (S™(z) # x), where S™ stands for the n-fold
composition of S.

Note that (S4) is an axiom schema, i.e. it contains an axiom for every n € N; in particular,
Ty is infinite.

It is clear that any model M of Ts has a standard part N = {A(n)M : n € N}, where
A(n) :=5m(0). Define a binary relation ~ on M as follows: for all a,be M,

a~b < if for some n e N, M = S"(a) =b or M E S"(b) =a.

If a is standard, i.e. a € N, then the equivalence class [a] of a is exactly N. If a € M is
nonstandard, then [a] does not have a least element (why?) and hence looks like a Z-chain:

.= x> a - SM(a) - SM(SM(a)) > ...

Thus M is a union of N and a bunch of Z-chains. Let Ay denote the set of Z-chains in
M and put Ay = [Am|- Then |M| = |N| + Ay - |Z| and hence, by basic cardinal arithmetic,
M has cardinality Ay unless Ay is finite, i.e. |M| = max{Am,Ro}. In particular, if M is
uncountable, then |M| = App.

Proposition 4.9. Ty is k-categorical, for any uncountable cardinal k.

Proof. Let A,B = T with |A| = |B| = k. By above, Aa =|A| = k = |B| = Ag. Thus, there is a
bijection f: Ax — Ag. Now the standard parts of A and B are clearly isomorphic. Moreover,
any Z-chain C € A, is isomorphic to f(C') because any two Z-chains are clearly isomorphic.

Thus, combining all these individual isomorphisms together, we get an isomorphism of A
onto B. ]

From this and the Lo$-Vaught test, we get
Corollary 4.10. Ts is complete.

Now we turn to N, := (N,0,5,+). Let 7, = (0,5, +) and let T} be the theory consisting of
all of the axioms of PA except for the ones involving multiplication (hence it is a convenient
theory). The proof of the following theorem will be omitted since it uses the technique of
quantifier elimination, which is not covered in these notes.

Theorem 4.11 (Presburger, 1929). T, is complete.

Thus, as we will see, the incompleteness phenomenon starts with N = (N, 0, 5, +,-).
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5. INCOMPLETE THEORIES
We start with an informal definition, which we will formalize later on.

Definition 5.1 (Informal). A 7-theory T is called recursive if there is a computer program
such that given a 7-sentence ¢, it returns YES if ¢ € T, and NO otherwise.

We saw in the previous section that the theories of (N,0,5) and (N,0, S, +) admit prim-
itive recursive axiomatizations. However, the situation changes once we add multiplication
because it enables prime numbers and makes it possible to code tuples of natural numbers
into a single number, and we have the following ground-breaking theorem:

Theorem 5.2 (Incompleteness; Godel, 1931). Any recursive theory T ¢ Th(N) is incom-
plete. In particular, PA is incomplete.

This section is devoted to the proof of several versions of this theorem and some of its
consequences, as well as making the definition of primitive recursive precise.

5.A. Sketch of proof of the Incompleteness theorem

Below, we sketch the proof of the Incompleteness theorem stated above to make the idea of
the proof apparent and not get lost in the technical details that one has to go through in
order to rigorously prove the theorem.

Definition 5.3 (Informal). A function f:N* — N is called recursive if there is a computer
program such that given a € N* as input, it outputs f(a). A set/relation A ¢ NF is called
recursive if so is its indicator function.

First thing one shows is that recursive functions are arithmetical. Thus any function we
can write a computer program for is expressible in the language of arithmetic.
For a finite signature 7, whose symbols are sy, ...s,, we enumerate the symbols of FOL(7)
as follows:
S9p 81 ... Sp = ANV — VE', ()’Uo, V1, V2, ...

and call the index of a symbol its code. For example, the code of sq is 0, the code of = is
n + 1 and the code of v; is n + 11 + 4. Using prime numbers and the fact that prime number
factorization is unique, we can code a tuple of natural numbers into a single natural number
((n1,.oymp) = PPt ~pZ’“+1), and so we can code formulas since they are just tuples of
symbols of FOL(7). In fact, we can make sure that the coding and decoding operations are
recursive (think of computer programs that would do this).

Thus let "t" and "¢" denote the codes of a 7-term and a 7-formula ¢, respectively. It is
now not hard to see that a 7-theory T is recursive if and only if the set of codes of its axioms
is recursive (as a subset of N).

Now let 7 be the signature of arithmetic, i.e. 7 = 7,, and thus we have the above coding
since 7, is finite. For every n € N, set A(n) = S?(0). It is tedious but straightforward to
show that there is a recursive function Subg : N2 — N such that for any 7,-formula ¢ in which

Vg is not quantified, and for any m e N,
Subo("¢',m) = "¢(Am/uvg)".

In words, this function takes m and the code of ¢, and returns the code of the formula
obtained from ¢ by replacing all occurrences of vy by the term Am.
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As mentioned above, all recursive functions are arithmetical. Hence, there is a 7,-formula
Subg(z,y, z) such that for all a,b,ce N,

Subg(a,b) =c¢ < N & Subg(a,b,c).
Without loss of generality, we can assume vy is not quantified in Subg(z,y, 2).

Lemma 5.4 (Fixed point for N). For each 1, formula ¢(v) there is a T,-sentence 0 such
that
NEG§ < o("0").
Proof. Put 1(vg) = 3z(Subg(vg, vo,2) A ¢(2)) and e = “(vy)". Now we feed 1)(vg) its own
code by letting 6 = ¢(Ae), and thus Suby(e,e) = "(A(e))’ = "0". Now magic happens:
NEf < NEy(e)

<= N k& 3z(Subg(e,e,2) Ap(2))

<= there exists b € N such that b= sub(e,e) and N = ¢(b)

— Neo('0").
If you feel cheated, join the club. 0J

This lemma says that every unary arithmetical relation ¢(v) asserts of (the code of)
some sentence 6 exactly what 6 asserts about N. It enables self-reference in the language
of arithmetic, using which we can express the Liar Paradox (i.e. Cantor’s diagonalization
method), which is what lies at the heart of the proof of the Incompleteness theorem.

As an immediate corollary we get the following result that is actually stronger than the
Godel’s Incompleteness theorem:

Theorem 5.5 (Tarski, 1939). Th(N) is not arithmetical, i.e. the set "Th(N)" :={"¢": ¢ €
Th(N)} is not definable in N.

Proof. Left as a homework problem. O

Because formal proofs are just finite sequences of formulas, we can code them using the
operation of coding n-tuples. Given a recursive T,-theory T, it is straightforward to check
that the following relation is recursive if such is 7" for a,e € N,

Proofr(a,e) <= a is a code of a 7,-formula ¢ and e is a code of a proof of ¢ from T.

To write a program for this, one has to check the definition of the formal proof, i.e. that
every formula in the finite sequence coded by e is either an axiom of FOL(7,), or belongs to
T (this is where we need T' to be recursive), or can be obtained from the previous formulas
in the sequence by applying one of the three operations: Modus Ponens, Generalization or
J-elimination.

As before, since all recursive functions are arithmetical, there is a 7,-formula Proofr(z,y)
such that for all a,b e N,

Proofr(a,b) <= Nk Proofr(a,b).
Given this, we have a 7,-formula defining the relation of provability in N:
Provabler(z) = 3yProofr(x,y),

and hence, for any 7-formula ¢,

¢ is provable in T <= N & Provabler("¢").
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Proof of the Incompleteness theorem 5.2. Applying the Fixed Point lemma to
¢(v) = =Provabler(v),
we get a T,-sentence vy such that
N E vy < —=Provabler("yr').

The Gddel sentence ~yp says about itself that it is not provable in T' (just like in the Liar
Paradox, the liar says “I am a liar”). Hence, we have

N e vy < N & -Provabler("y7")
<= for all e e NN £ —=Proof("yr',¢)
<= for all e e N, e is not a code of a proof of vy

<~ T|7’-’}/T

This equivalence implies that N £ 7 since otherwise, T + yp and ¢ ¢ Th(N), which
contradicts T' ¢ Th(IN). Thus, again by the equivalence above, T # yr. It also cannot be
that 1"+ -y since N =T and N E 7. L]

Here is another proof of the Incompleteness theorem that is shorter but nonconstructive:

Another proof of the Incompleteness theorem 5.2. If T was recursive and complete, then the
formula Provabler(z) would define the set "Th(IN)" in N because, by the completeness of
T, for every sentence ¢, ¢ is provable from 7T if and only if "¢" € "Th(IN)'. Thus "Th(N)'
would be arithmetical, contradicting Tarski’s theorem (5.5). O

For the rest of the section, we will be occupied with making the notion of recursive precise
and developing tools for proving a stronger version of Godel’s Incompleteness theorem that
applies not only to subtheories of Th(IN), but also to theories (in an arbitrary finite signature
7), which have PA “encoded” in them; for example, PAuU {-ypa} and ZFC.

5.B. A quick introduction to recursion theory

In this subsection we give a model (of computation) to capture intuitive notions such as
algorithm, computable functions, etc. It is a general belief, known as the Church-Turing
thesis, that this model captures the mentioned notions pretty well. One evidence of it is
that it is very robust in the sense that all other seemingly different models of computation
that people had defined turned out to be equivalent.

Definition 5.6 (Search operation). For a unary relation R ¢ N, define ux(R(z)) as the
smallest z € N for which R(x) holds, if such z exists, and it is undefined, otherwise. In the
latter case, we write px(R(z)) =1.

For example, px(z? > 7) = 3. This operation is also called minimalization.

Definition 5.7 (Recursive functions). A function f : N* - N is called recursive (or com-
putable) if it is obtained by inductively applying the following rules:
(R1) e +:N?2-> N and -:N2 - N are recursive;
e x.: N2 > Nis recursive, where x. is the characteristic function of <, i.e. x<(x,y) =
1if x <y, and 0, otherwise;
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e The projection functions P(z1,...,2,) = z; are recursive, for all 7 = 1,...,n and
neN;
(R2) Composition: if g : N™ - N and hy,...,h,, : N* > N are recursive, then so is the
composition function f = g(hy,...,hs) : N¥ > N defined by

f(@) = g(hi(@), ..., hm(a));
(R3) Well-defined search: if g : N**! - N is recursive and for all G € N” there is x € N with
g(d,z) =0, then the function f:N" - N defined by

f(@) = px(g(a,z) =0)
1S recursive.

A relation R € N” is called recursive if so is its characteristic function yg : N* - N.

Although the class of recursive functions is obtained by closing the set of functions in
(R1) under operations (R2) and (R3), it is closed under many other operations. The most
important among those is the operation of primitive recursion, which is often included in
the definition of recursive functions. However, we prefer showing that it is a consequence of
the definition rather than including it in the latter since keeping the definition minimalistic
makes it easier to prove that the class of recursive functions is contained in other classes of
functions (less cases to consider).

The following proposition provides some closure properties of the class of recursive func-
tions together with some examples.

Lemma 5.8.

(a) The relations >,= are recursive.

(b) Constant functions C} : N* - N are recursive, where C(a) = k, for all G € N",

(¢) The successor function S : N — N is recursive.

(d) If n-ary relations P,Q on N™ are recursive, then so are the following
-P=N'\P,PAQ:=Pn@Q,PvQ:=Puq.

(e) (Definition by Cases) Let Ry, ..., R € N" be recursive such that for each d € N* exactly
one of Ri(ad), ..., Ri(d) holds, and suppose that g1, ..., gr : N* - N are recursive. Then

g:N*" > N given by
g1(a@) if Ri(a)

g(a)=A": : .
ge(a@) if Ri(a)

1S Tecursive.

Proof. For (a), let note that xs(z,y) = x<(Pj(z,y), Pi(x,y)) and x-(z,y) = x<(z,y) -

X (7,9).
We prove (b) by induction on k. For k = 0, observe that ¢f(a) = px(P™(a,x) = 0).
Assume c} is recursive and note that

(@) = p (e (@) < @) = pa(x=(cp™ (@, x), Pyt (d,2)) = 0).
For (c), just note that S(a) = a+cl(a).
For (d), observe that -P(d) <= xp(a) = cg(d) and xpag(d) = xp(a@) - xo(d). Thus
-P and P A (@) are recursive if so are P and (). Recursiveness of the rest of the Boolean

combinations follows from this because they are expressible in terms of A and -.
Part (e) is left to the reader. O
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Lemma 5.9. Let R ¢ N1 be recursive such that for all a € N™ there exists x € N with
(d,x) € R. Then the function f:N" - N given by

f(a) = prR(a,r)
1S Tecursive.

Proof. Note that f(a) = pz(x-g(d,z) =0). O

Using this we get the following convenient property for verifying recursiveness of functions:

Proposition 5.10 (Graph property). Let f:N* - N. Then f is recursive if and only if so
is its graph (as a subset of N+ ).

Proof. let R € N™*! be the graph of f. Then for all ¢ € N* and be N,
R(d,b) < f(a) =0,
and hence

f(@) = prR(a,z),

from which the proposition follows immediately. 0

Definition 5.11. Let g : N* > N and h : N*2 - N. We say that f: N¥*1 — N is defined by
primitive recursion from g, h if for all @ € N* and n e N,

f(a,0) = g(a)
fla,n+1)=nh(a,n, f(a,n))

We aim at showing that the class of recursive functions is closed under this operation. For
that, we first convert the recursive definition into an explicit (iterative) one as follows.

Proposition 5.12 (Dedekind’s analysis of recursion). If f : N¥*1 - N is defined by primitive
recursion from g,h as in 5.11, then for all G € N¥, n e N and w € N,

f(a,n) =w <= there exists a sequence (wy, ..., w,) such that
wo = g(a) A (Vi <n)[wi = h(a,i,w;)] Aw, =w.

Proof. Obvious. 0

To be able to express the right hand side of Dedekind’s analysis of recursion, we need to
be able to recursively code and decode tuples of natural numbers of arbitrary length into a
single natural number. We do it using the

Chinese Remainder Theorem 5.13. Letd,,...,d, be pairwise coprime and put d = dyd;...d,.
Then the natural projection map

h:Z]dZ — Z]dyZ x ... x Z]d, 7

defined by
[ala = ([alay, - [a]a,)

1s a well-defined group isomorphism.
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Proof. That h is well-defined follows from the fact that every d; divides d, and that h is a
homomorphism follows from the fact that the remainder function respects addition. Since
the groups on the left and right of the homomorphism have the same number of elements,
by Pigeon Hole Principle, we only have to show that A is injective. To this end, assume that
h([a]s) = 0. Thus every d; divides a and hence d divides a because d; are pairwise coprime.
Therefore, [a]; =0 and hence ker(h) is trivial. O

Lemma 5.14.
(a) If relation R € NF+1 4s recursive, then so are the relations
P(a,y) <= Jz,R(d,x),Q(a,y) <= Yr,R(d,x),
for all a e N*¥, y e N,
(b) The function ~:N? - N defined by n~m = max{n —m,0} is recursive.
(c) The remainder function Rem : N2 - N, defined by (a,b) — the remainder of a when

divided by b, is recursive.
(d) The function Pair:N? - N defined by

(.y) - (w+y)(§+y+1) e

1S a recursive bijection.
(e) The functions Left, Light: N - N defined by

Pair(z,y) = z <= Left(z) = x A Right(z) =y
are recursive.

Proof. We leave parts (a),(b) and (c) to the reader. For (d), Pair(z,y) = pz(2z = (z +y)(z +
y+1)=0)+z and hence is recursive. It is a bijection because it enumerates pairs (z,y) as
follows:

(0,0) (0,1)(1,0) (0,2)(1,1)(2,0)....

—
x+y=0 r+y=1 T+y=2
For (e), observe that Left(z) = pz(3y...1Pair(z,y) = z) and similarly for Right. O

Lemma 5.15 (Godel’s S-function). The function §:N? - N defined by
B(w,i) = Rem(Left(w), 1+ (i + 1)Right(w))
is recursive and has the property that for every sequence (wy, ..., w,), there exists w € N such
that for all i <n,
B(w, i) = w;.
Proof. The fact that [ is recursive follows from 5.14, so we prove the second statement. Let
s = max{n, wg, wy, ..., wy, }, set b = s! and verify that
do=1+(0+1)b,dy=1+(1+1)b,....,d, =1+ (n+1)b

are pairwise coprime as follows: if a prime p divides 1+ (i + 1)b and 1+ (j + 1)b, for i < j,
then it divides their difference (j —i)b = (5 —i)s!. Since j —i <n < s, p must divide s! = b,
contradicting p dividing 1+ (¢ + 1)b.

By the Chinese Remainder Theorem, there is a < dy-...-d,, such that Rem(a, d;) = w;. Thus
setting w = Pair(a, b), we get

w; = Rem(a, d;) = Rem(Left(w), 1 + (i + 1)Right(w)) = B(w,1).
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Using Godel’s S-function, we define the following coding/decoding tuples functions, which
are clearly recursive:
o (ag,...,an1) == px(B(x,0) = n A AL, B(x,i) = a;-1). Note that <>= 0 (as a nullary
function).
e 1h:N - N by lh(a) = 8(a,0).
e (a);=p(a,i+1). Note that ({aq,...,an-1)); = a;.
o InitSeg(a, i) = pr(lh(x) = iAVju(z); = (a);). Thus InitSeg({aq, ..., an), 1) = {(ag, ...a;_1).
e ax*b=pr(lh(zr) =1h(a) +1h(b) A Vidna))(®)i = (a)i A Viane)) (2)na)+ = (b);. Thus

(ao, ...CLn_l) * (bo, ---bm—1> = (ao, ...an_l,b(), ...,bm_1>.

Proposition 5.16. Recursive functions are closed under the operation of primitive recursion,
.e. if g, h, f are as in Definition 5.11 and g, h are recursive, then so is f.

Proof. We implement Dedekind’s analysis of recursion as follows. Define an auxiliary func-
tion f: N1 - N by

f(@@,n) = pr(h(z) =n+ 1A (2)o = g(@) A Vi (€)1 = h(d, 1, (x);)),
and note that f(d,n) = (f(d,n)),. Since f is clearly recursive, so is f. O

Primitive recursion enables us to show that any function that admits a recursive definition
is recursive. E.g. n — 2" is recursive because

20 = 1
oan+l - 9.9n

We now define a nice subclass of recursive functions, namely that of primitive recursive
functions, which is still rich enough to contain most of the functions that can be implemented
as computer programs. In fact, most of the recursive functions mentioned so far are actually
primitive recursive.

Definition 5.17. The class of primitive recursive functions is the smallest class containing
the successor function S : N — N, the constant functions C}' : N* - N, k,n € N and the
projection functions P/(z1,...,x,) = 2;, i < n,n € N, and is closed under composition and
primitive recursion. A relation R ¢ N is called primitive recursive if so is its characteristic
function x: N* - N.

The reader can verify that the functions in (R1) of the definition of recursive functions are
primitive recursive. It is also easy to check that Lemma 5.8 holds with recursive replaced
by primitive recursive.

The following makes it easy to verify that Lemmas 5.14 and 5.15 also hold with recursive
replaced by primitive recursive.

Lemma 5.18 (Bounded search). Let R ¢ N**! be a recursive relation. Then the function
[Nl » N defined by f(a,y) = px,R(a, ) is primitive recursive, where

. 3 ILMZR(ZL,ZB) Zf Elx<yR(a>$)
pro,R(d,x) = { y otherwise '
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Proof. We define f(a,y) by primitive recursion as follows: let f(a,0) =0 and

flay) it f(da,y) <y
fla,y+1)=1y if f(a,y) =y R(a,y) .
y+1 otherwise

O

The proof of 5.15 yields a primitive recursive function B : N — N, defined by B(N) =
[T, (1+ (1 +4)N!), such that for every n e N and d € N”,

whenever N > max{n,ag, ..., ay_1}, there is a < B(N) such that 3(a,i) = a;, Yi<n.
Using this together with 5.18 one can easily show that the coding/decoding functions
(agy ..., an-1), 1h(a), (a);, InitSeg(a,i), a = b are primitive recursive.

The following lemma allows recursive definitions using all previously computed values of
a function as opposed to only the last computed value.

Lemma 5.19 (Complete primitive recursion). For f: N+l - N, let

f(@,n) =(f(@,0),..., f(an-1)).
Then:
(a) f is primitive recursive if and only if f is primitive recursive.
(b) If g : N1 - N s primitive recursive, then so is f : N¥*1 — N defined by f(d,n) =
9(a, f(@,n)).

Proof. We prove part (a) and leave (b) to the reader.

<: Put f(a,n)=(f(@,n+1))n.
=: We define f(d,n) by primitive recursion as follows:

{ f(@,0)

<>

f@@n+1) = f(an)=*({f(a,n))

O

One may ask if there are any recursive functions that are not primitive recursive. The
answer is YES (of course) and here is why:

Proposition 5.20. There exists a recursive function ¢ : N> - N such that ¢, = ¢(n,-)
enumerates all the primitive recursive functions (possibly with repetitions), i.e. for every n,
On 1S primitive recursive and for every primitive recursive function f, there is n such that
f =¢n. Moreover, any such function ¢ is not primitive recursive.

Proof. A proof of the existence of such ¢ is outlined in one of the homework problems and
here we show that such ¢ is not primitive recursive by applying Cantor’s diagonalization®
method. Assume for contradiction that ¢ is primitive recursive. Then so is the function
¥(n) = ¢(n,n) + 1, for all n, and thus there is ng € N such that ¢,, = 1. But then we have

¥(no) = Pny(n0) = ¢(no,m0)
on one hand, and
Y(no) = d(no,no) +1

on the other, which is a contradiction. O

®As van den Dries suggests, perhaps antidiagonalization would be a better name.
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Note that the same proof shows that there is no recursive enumeration of recursive func-
tions. Similarly, the set of codes of recursive functions is not recursive, i.e. there is no
recursive binary relation R such that for any unary recursive relation ) there is n such that
for all x,

Q(x) < R(n,z).
This is known as the undecidability of the halting problem.

Here is a more concrete and important example of a recursive function that is not primitive
recursive:

Definition 5.21. Ackermann function is the function A : N2 - N inductively defined as
follows:

A(0,z) = xz+1
A(n+1,0) = A(n,1) :
An+1l,z+1) = A(n,A(n+1,x2))

The proof that this function is recursive but not primitive recursive is left as a home-
work problem together with the proof that the graph of this function is primitive recursive.
The last fact shows that the graph property (Proposition 5.10) does not hold for primitive
recursive functions.

5.C. Representability in Robinson’s system Q

In the sketch of the proof of the Incompleteness theorem above, we used the fact that recursive
functions are arithmetical, i.e. definable in N. Thus the proof only applied to theories that
N satisfies. If we want to prove incompleteness for other theories, like PAU {=ypa}, we have
to develop a notion of definability inside a theory rather than a structure. This is what the
following definition is supposed to capture.

Definition 5.22 (Representability). Let T" be a theory in the signature 7, of arithmetic.
e We say that a relation R ¢ N” is representable in T if there is a formula ¢(Z) such that
for all a € N,
R(d) = T+ ¢(A(d)) and -R(d) = T+ -¢p(A(ad)),

where A(a) = (A(ay),...,A(ay)). Such ¢ is said to represent the relation R in 7'
e We say that a function f:N" — N is representable in T if there is a formula ¢(Z,y) such
that for all d € N”,

T+ ¢(A(d),y) < y=A(f(a)).
Such ¢ is said to represent the function f in 7.
o A 7,-term t(Z) is said to represent the function f:N" - N in 7 if for all G € N,

T+t(A(a)) = A(f(a)).

The following shows that we could have defined representability of relations using that
of functions (not the other way around). Below we use the expression “arguing in models”
to mean that we prove something for every model of a theory and then conclude that the
theory proves it by the Completeness theorem.

Lemma 5.23. If T is a T,-theory such that T+ 0+ S(0) and R € N*, then

R is representable in T if and only if xg is representable in T.
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Proof. =: Let ¢(%) represent R in T and put

UV(Z,y) = (0(2) Ay =5(0)) v (=¢(Z) Ay =0).
We show that (%, y) represents xg in 7', that is: for all G € N7,

T+ ¢(A(d),y) <y = xr(A(@)).
Assume G € R. Then T + ¢(A(a)) and thus, arguing in models of T,

(0(A(@)) ny = 5(0)) v (=o(A(@)) Ay =0)

holds if and only if y = S(0) holds (here is where we use that 7'+ 0 # S(0)). Thus, by the
Completeness theorem, T' + ¢(A(d),y) < y = S(0). Similarly, one shows that for d ¢ R,

T+ y(Aa),y) <y =0.
<: Let ¢(%,y) represent xr and put
¥(Z) = ¢(2,5(0)).

We show that (%) represents R in T". For every d € N”,

R(a) = xr(a)=1
= T+ ¢(A@),y) < y=5(0)
— T+ ¢(A(a),S(0)) (substitute y = S(0))
= T+ (A(a)).
Similarly,

“R(@) = ya(d)=0

— T+ ¢(Ad),y) < y=0

=— T+ -¢(A(a),S(0)) (substitute y = S(0))
= T+ -(A(a)).

O

Now we describe a finite subtheory of Th(N), namely Robinson’s® system Q, which is
much weaker than PA, but still rich enough to represent recursive functions. The advantage
of it over PA is that it is finite, and we will use this later in proving that the empty 7,-theory
is undecidable.

Definition 5.24 (Robinson’s system Q). The following are the axioms of Q:
(QL) Va[-S(z) = 0],
(Q2) Vavy[S(x) = S(y) > = =y],
(Q3) Va[x+0=2x],

(Q4) Vavy[S(z+y) =z +S(y)],
(Q5) Va[x-0=0],

(Q6) Vavy[z-S(y) =z-y+z],
(Q7) Var(z 0 - Ty(z = S())).

6This is due to Raphael Robinson and not Abraham or Julia Robinsons as I falsely thought.



FIRST ORDER LOGIC AND GODEL INCOMPLETENESS 41

So the difference between PA and Q is that the induction schema of PA is replaced by a
single axiom stating that every nonzero element has a predecessor (which is clearly prov-
able in PA). This theory is pretty weak: for example, it does not prove the associativ-
ity /commutativity of the addition/multiplication. However, every model of Q has a standard
part:

Proposition 5.25.

(a) For any model M of Q, there is a unique homomorphism f:IN — M. In fact, this f is
a T.-embedding and hence we can view N as a substructure of M.
(b) For any quantifier free formula ¢(z) and a € N¥,

Nk ¢(a) <= Qr ¢(A(d)),
where A(a) = (A(ay), ..., Alag)).
Proof. Part (b) follows from (a) since for M £ Q, N € M and hence
Nk ¢(d) <= Mk ¢(A(d)),

because ¢ is quantifier free. Because M was an arbitrary model of Q, we are done by the
Completeness theorem.

As for part (a), the proof is exactly the same as for models of PA. The uniqueness is
clear because we f has to preserve 0 and S and thus f(A(n)N) = A(n)M. This function is
injective because SM is injective and OM does not have a predecessor. It remains to show
that f preserves + and -. We show that f(n+m) = f(n)+ f(m) by induction on m, and
we leave the case of - to the reader. For m = 0, this follows from axiom (Q3). Now assume
f(n+m) = f(n)+f(m). Then f(n+S(m)) = f(S(n+m)) = S(f(n+m)) = S(f(n)+f(m)) =
f(n)+S(f(m)) = f(n)+ f(S(m)), where we used the facts that f respects S and that M
satisfies axiom (Q4). O

Let © < y and = < y abbreviate the formulas 32(z +x = y) and = # y A Jz(z + = = y),
respectively. Keep in mind that z + z may not be equal to x + z in a model of Q. Since the
statement x < y is not quantifier free, it does not follow from the previous lemma that a
model of Q and N have to agree on the ordering of natural numbers (the standard part of
M). However, it turns out to still be true:

Lemma 5.26 (Q preserves the ordering on N). For all n,m €N,
() Qrz <A(n) >\ o =A();
=0

(b) n<m <= Qr A(n) <A(m);
(c) n<m <= Qr -A(n) <A(m);
(d) Qrx<A(n)vA(n+1) <z

(e) Qrx < A(n)vA(n) <.

Proof. For part (b), the right-to-left direction follows immediately from (a). As for the other
direction, if n < m, then let £ = m —n and thus N £ A(k) + A(n) = A(m). By (b) of 5.25,
Q+ A(k) +A(n) = A(m) and thus Q- A(n) < A(m).

For (e), first consider n = 0. Then by (Q3), Q + 0 < z, so the desired statement follows
from the definition of the formula y < z. Now let n # 0 and hence n = m + 1. By (d),
Q+z<A(m)vA(n) <x. Thus, arguing in Q and using (a), either z = A(k) for some k < n,
or x = A(n), or A(n) > z. Hence, again using (a) and the definition of the formula y < z, we
get that either x < A(n) or A(n) < z.
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We leave the proofs of (c¢) and (d) to the reader, and we prove (a) by induction on n.
Let M = Q. For n =0, assume a € M and M £ a < 0. Thus, there is b € M such that
MEb+a=0. Now if a #+ OM| then a has a predecessor, i.e. for some c € M, M k a = S(¢)
and thus M = b+ S(c¢) =0. Arguing inside M, 0 =b+ S(c) = S(b+ ¢), which contradicts the
fact that 0 is not a successor. Thus a = 0.

Now assume the statement is true for n and assume M E a < A(n +1). Hence there is
be M such that b+a=A(n+1) (arguing inside M). Now if a = 0, we are done. Otherwise,
it has a predecessor ¢ € M and thus S(b+c) =b+S(c) = A(n+1). By injectivity of S, we
get b+c=A(n) and hence ¢ < A(n). By the induction hypothesis, ¢ is equal to one of A(7)
for 1 =0,...,n and thus a is equal to one of A(j) for j=1,...,n+ 1. O

Proposition 5.27. All recursive functions and relations are representable in Q.

Proof. By Lemma 5.23, it is enough to show for functions.

It follows from (b) of 5.25 that the terms x+y, z-y represent the addition and multiplication
functions. It is clear that the term t(x,...,x,) = x; represents the projection function
Pr(zy,...,x,) = z;, and it follows from (c) and (d) of 5.26 that the formula x < y represents
the relation < and hence y< is representable by 5.23. It remains to show that representability
is closed under (R2) and (R3).

For (R2), assume that ¢(Z,y) represents the function g : N* - N and (9, u) represent
the functions h; : N* - N, where 7 is an k-vector and v is a n-vector. We show that

0(5.9) = 38 \s(.:) 7 6(2.1)
represents f = g(hq,...,hy). Fix a e N* and let ¢ = f(d). We have to show that
Q- 0(A(a),y) <y =A(c).
Let b; = h;(d@) and put b= (by,...,b,). Then f(a) = g(b) = ¢. Therefore,
Qr ¢(b,y) < y=cand Q+;(A(@),z) < 2= A(b;), fori=1,... k.

Thus, arguing in models, we conclude that Q + 0(A(a),y) < y = A(c).
For (R3), let ¢(Z,vy, z) represent the function g: N**! - N, where Z is an n-vector and g
is such that for all G € N there is b € N such that g(a,b) = 0. We show that

(T, 2) = d(Z,y,0) AVu(u < z > =¢(Z,u,0))

represents f(ad) = px(g(a,x) =0). Fix @ e N* and let b= f(a). We have to show that

Qr Y(A(d),z) < z=A(b).
By definition, g(d,i) = ¢; # 0 for all i < b, and g(d,b) = 0. Thus

Q+ ¢(a, A(b),v) <> v=0and Qr ¢(d,A(i),v) < v=A(¢) for all i <b.

Arguing in models and using part (a) of 5.26, we conclude that

Qr ¥(A(d),z) « z=A(b).

U

The converse of this proposition is also true and we will prove it in a later subsection.
Thus representability in Q characterizes recursive functions.
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5.D. Godel coding

Here we describe a coding of formulas and proofs, and all functions necessary to prove the
fixed point lemma and the Incompleteness theorem.
For the rest of the section, let 7 be a finite signature.

e We code the symbols of FOL(7) as follows: for s € Tu{logical symbols}u{vg, vy, ...}, assign
a number SN(s) as follows: put SN(s) = 2i if s = v; and assign an odd number to each of
the remaining symbols (finitely many) such that different symbols get different numbers.

e For a 7-term ¢, define its Godel code "t' as follows

"y (SN(s)) if t = s is a variable or a constant symbol
| (SN(f), 1., "t, ") if fis an n-ary function symbol and ¢ = f(t1,...,t,)

Note that for a variable or a constant symbol s, "s' may not be equal to SN(s).
e For a 7-formula ¢, define its Godel code "¢ as follows

<SN( ) rtlj,rtgj) lfgf)E (tl :tg)
(SN(R), t1 ,oey ') if R is an m-ary relation symbol and ¢ = R(t1,...,t,)
(SN(-), ¥7) if ¢=-1
" = (SN(A), "1™, "e") i @ =t Aty
(SN(V), 1", "y") if ¢ =11 vy
<SN(_’) 1, "y ) if =1y >y
(SN(3), v 1,r¢ ) if ¢ = vy
(SN(V), "', ") if ¢ = Vo

Lemma 5.28. The followmg subsets of N are primitive recursive:

(i) Variable:={"z" : x is a variable}
(i) Term:={"t":t is a T-term}
(111) Formula:={"¢": ¢ is a T-formula}

Proof. In all proofs we use complete primitive recursion (Lemma 5.19).

(i) a € Variable if and only if Ih(a) =1 and (a) is even.

(ii) Term(a) if and only if Variable(a) or a is a code for a constant symbol or (a)g is a code
for an n-ary functions symbol with n =1h(a) — 1 and Vi <n, Term((a);1).

(iii) is left to the reader. It gets messy if one wants to also check our convention about
quantified variables. 0

Lemma 5.29. There is a primitive recursive function Sub : N3 — N such that for any
T-formula ¢, variable v and T-term t that is free for ¢,

Sub("¢",SN(v),"t") = "(t/v)".
Proof. Define Sub(a,m, k) =

if Variable(a) and (a)g=m
((a)o,Sub((a)l,m k),...,Sub((@)m(a)-1,m,k)) if Ih(a) >0 and (a)o # SN(3)

((a)o, (a)l,Sub((a)g,m k)) if Ih(a) >0 and (a)o =SN(3) and (a); #m
otherwise
This is clearly primitive recursive (using complete recursion). 0

Lemma 5.30. The following relations are primitive recursive:
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(1) FreeVar:={("¢",SN(v)) : v occurs free in ¢} < N?

(2) FreeSub:={("¢","t") : t is free for ¢} c N3

(3) Sentence:={"¢": ¢ is a sentence} €N

(4) Axiom:={"¢": ¢ is an azriom of FOL(7)} ¢ N

(5) MP:={("¢", ¢ — " ,2)) : ¢,pare T-formulas} ¢ N3

(6) Gen:={("¢", ") 11 is obtained from ¢ by Generalization} ¢ N2

(7) ExistsElim:={("¢", ") : ¢ is obtained from ¢ by 3-elimination} ¢ N?

where ¢, t v range over formulas, terms and variables of FOL(7).
Proof. This is an easy but tedious programming exercise. For example: for all a € N,
Sentence(a) <= Formula(a) and Vi.,~FreeVar(a,1).

The readers are invited to check the rest of the relations themselves if they feel like program-
ming. U
Definition 5.31. For a 7-theory T', define

Proofr == {({"¢1", ..., "#n"), ") : (o1, ..., ) is a proof of ¢ from T'} ¢ N?,
where ¢; and ¢ vary over 7-formulas.

For a 7-theory T', put "T" :={"¢": ¢ € T'}. We say that T is recursive (primitive recursive,

1

arithmetical) if such is "T".

Lemma 5.32. If a 7-theory T is recursive (primitive recursive, arithmetical), then so is
Proof .

Proof. This is because for all a € N, Proofy(a,b) if and only if 1h(a) > 0 and (a)n(a)-1 = b
and for every k < lh(a) either (a); € Axiom or (a); € "I or Jig,IjMP((a);, (a);,(a)r) or
3j«Gen((a);, (a)r) or FjExistsElim((a);, (a)x). O

5.E. The First Incompleteness Theorem (Rosser’s form)

Define a function Subg : N2 - N by Subg(a,n) = Sub(a,SN(vg), A(n)). It is clear that Subg
is primitive recursive since such is Sub.
For a 7,-formula 6, put [6]:= A("0").

Lemma 5.33 (Fixed point for Q). For every 7,-formula ¢(v), there is a T,-sentence 6 such
that

Q+ 0« gb([e])

Proof. Let Subg(z,y,2) be a 7,-formula representing Suby in Q. We can assume without
loss of generality that the variable vy does not appear in Suby and ¢. Put

(vg) = 3z(Subg(vg, v9,2) A d(2)),
and let e = "¢". Put 0 = ¥ (A(e)). Then Subg(e,e) = "(A(e))" = "0" and hence, by the
definition of representability,

Q+ Subg(A(e),A(e),z) < z=[0]. (i)

In particular,

Q- Suby(A(e), Ale), [0]). (ii)
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Therefore, we have

Qr0 Q1 (A(e))
Q + 3z(Subg(A(e),Ae),z) A p(2))
Q+ Subg(A(e),A(e),[0]) Ao([0]) (== is because of (i))

Q+ o([0]). (<= is because of (ii))

L

O

Now we are ready to prove the Incompleteness theorem for all 7,-theories 7' 2 Q. However,
we would like to prove a slightly stronger version that applies to theories in signatures other
than 7, that are rich enough to encode Q in them. We make this precise in the following

Definition 5.34. Let 77,75 be theories in finite signatures 7, 7o, respectively. An interpre-
tation of 77 in 75 is a map 7 from the set of 7i-sentences to the set of m-sentences such
that

(1) Tl O — T2 = 7r(9),

(ii) Ty + w(=0) < -7 (6),
(i) Ta = 7(p AY) & m(d) Am(v)),

(iv) there is a primitive recursive function 7* : N - N such that 7*("0") = "7(9)",
where 0, ¢, range over Ti-sentences, and in the last equality, * ' denotes the coding function
of FOL(7) on the left and of FOL(7) on the right.

If there is an interpretation of T} in T5, we say that T5 interprets T;. For example, ZFC
interprets Q. Also, if 77 € T5, then by taking the identity function as 7*, we see that T5
interprets 7.

Below let 7 be a finite signature.

Lemma 5.35. Let T be a (primitive) recursive T-theory that interprets Q and let m be an
interpretation of Q in T. Then the following relations are (primitive) recursive:

Proof,r(a,b) <= b is an FOL(7,)-code of a T,-sentence ¢ and

a is an FOL(7)-code of a proof of w(¢) from T,
Refute, r(a,b) <= b is an FOL(7,)-code of a T,-sentence ¢ and

a is an FOL(7)-code of a proof of w(-¢) from T.

Proof. Observe that

Proof.r(a,b) <= Sentence,, (b) and Proofr(a,n*(b)),
Refute, r(a,b) <= Sentence,, (b) and Proofr(a,7*((SN(-),b))).

O

First Incompleteness Theorem 5.36 (Rosser’s form). Any consistent recursive T-theory
that interprets Q is incomplete.

Let us contemplate about the proof a bit before we present it. In the proof of the Incom-
pleteness theorem for 7' ¢ Th(IN), we constructed a sentence ~y that basically expressed the
Liar Paradox: it said about itself that it is not provable. Let us try to use the same idea
here: let 7 be an interpretation of Q in 7" and let Proof . r(z,y) be a 7,-formula representing
Proof, 7 in Q. Then by the fixed point lemma for Q, we get a 7,-sentence y such that

Q+ v < Va-Proof, r(z,[v]). (%)
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It is true that T+ 7w(y) since otherwise there will be a code a € N of a proof of 7 () from
T and hence Q + Proof, r(A(a),[v]). But then by (x), Q + =y and thus T' + 7(-7y), so
T + -7 (), contradicting the consistency of T

However, we don’t get any contradiction if we assume T + -7 (). Indeed, assuming the
latter, the consistency of 7" implies that 7" # m(7) and hence there is no natural number
that is a code of a proof of 7(y) from T, i.e. -Proof,r(a,"y"), for all @ € N. Then,
for every a € N, Q + -Proof, 7(A(a),[v]). Unfortunately, this does NOT imply that
Q + Yz-Proof, r(z,[v]) because there may well be a model M of Q with a nonstandard
element w € M \ N such that M = Proof, r(w,[7]) and there is no contradiction here.

So, the Liar Paradox doesn’t work here and Rosser’s trick is to use an idea somewhat
similar to (but not the same as) Berry’s Paradox, which is the following:

The smallest natural number not definable in less than 100 characters.

This is a “paradox” because we can only define finitely many different numbers using less
than 100 characters (English letters and numbers) and hence there surely are numbers which
cannot be defined in less than 100 characters. However, we just described the smallest of
them using (I believe) 70 characters.

Rosser’s proof of the Incompleteness Theorem 5.36. Let m be an interpretation of Q in 7,
and let Proof, r(z,y) and Refute, r(z,y) be 7,-formulas representing Proof, r and Refute,
in Q. Then by the fixed point lemma for Q, we get a 7,-sentence p such that

Q+ p < VYz(Proof, r(z,[p]) - (Ju < x)Refute, r(u,z)). (1)

The Rosser sentence p expresses the unprovability of its translation in 7" in a round-about
way: it asserts

For every proof of myself, there is a shorter proof of my negation.

We show that neither 7'+ 7(p) nor T+ =7 (p).
Case 1: suppose T + m(p). Then there is a code m € N of a proof of 7(p) from T and hence

Q - Proof, +(A(m), [p])- (2)

Because T' is consistent, 7' # w(-p) since m(-p) = -m(p). Thus Vk € N, -Refute, r(k,p")
and hence Q - -Refute, 7(A(k),[p]); in particular, this is true for all k < m. Therefore, by
(a) of Lemma 5.26,

Q+ (Yu < Am)-Refute, r(u, [p]). (3)
From (2) and (3), we get
Q+ Jz(Proof, r(x,[p]) A (Vu < z)-Refute, r(u,x)),

which implies Q + —-p by (1). Therefore, T'+ m(-p) and hence T' + —7p, contradicting the
consistency of T'.

Case 2: suppose T + —m(p). Thus T + 7(-p), so there is a code k € N of a proof of 7(-p)
from T'. Hence Refute, r(k, p") holds and by representability in Q,

Q + Refute, r(A(k), [p]). (4)
Also, for any n € N, =Proof; r(n, p") holds by the consistency of T', and thus
Q + -Proof, r(A(n),[p]). (5)
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We argue in models, so fix M £ Q. By (e) of Lemma 5.26, for every a € M, a < A(k) or
A(k) < a. In the first case, by (a) of Lemma 5.26, we get that a = A(n) for some n < k, and
thus M & -Proof, r(a,[p]), by (5). In the second case, i.e. if A(k) < a,

M e (Fu < a)Refute, r(u, [p]),
by (4). Therefore, for all a € M,
M E Proof, 7(a,[p]) > (Ju < a)Refute, r(u, [p]).

Thus
Q+ Vz(Proof, r(z,[p]) > (Ju < z)Refute, r(u,x)),

and hence Q + p, by (1). But then T+ 7(p), contradicting the consistency of T. O

5.F. The Second Incompleteness Theorem and Lob’s theorem

Let 7 be a finite signature and let 7" be a recursive 7-theory. Recall that the relations

Proofr(a,b) <= b is a code of a sentence a is a code of a proof of it from T,
Refuter(a,b) <= b is a code of a sentence a is a code of a proof of the negation of it from T,

are recursive. Let Proofr(x,y) and Refuter(z,y) be 7,-formulas representing them in Q.

Definition 5.37. For T as above, we define a 7,-sentence that expresses the consistency of
T as follows:
Conr = -3z3y3zProofr(z, z) A Refuter(y, 2).

Lemma 5.38. Let T' be a recursive T-theory interpreting PA and let m be an interpretation.
Also, let pr be the Rosser sentence forT' as in the proof of 5.36 above. Then PA + Cony — prp.

Proof. We claim that Rosser’s proof of the First Incompleteness theorem can be carried out
in PA. It would take too long to actually prove this, but the main point is the following:
Rosser’s proof is completely syntactic, i.e. playing with formal proofs (we only used models
and the Completeness theorem because we were too lazy to do formal proofs, but in principle
we could have constructed all necessary formal proofs). Syntactic arguments such as the
proofs of the fixed point lemma or Deduction theorem can be expressed and carried through
PA because all they use is induction, which PA has.
Thus, in particular PA proves that if 7" is consistent then T v 7(pr):

PA +~ Cony — Yz-Proof, r(z,[pr]).
On the other hand, it follows from the definition of pr that
PA + Yz-Proof, r(z, [pr]) = pr.
Therefore, PA +~ Cony — pr. O

From this we immediately get yet another foundational theorem by Godel:

Second Incompleteness Theorem 5.39. Let T' be a recursive T-theory interpreting PA
and let  be an interpretation. Then T # w(Conry), i.e. T cannot prove its own consistency.

Proof. By the previous lemma and the fact that 7 is an interpretation of PA in T, we get
T+ w(Conr) - 7(pr).
Thus, if T+ 7(Conyr) then T + 7 (pr), which is a contradiction. O
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For a recursive 7-theory T, let Provabler(y) = 3zProofr(z,y).

Lemma 5.40. Let ¢,0 be 1,-sentences. The following statements are provable in PA:
(a) The Deduction theorem: Provablepa o) ([¢]) <> Provablepa([0 - ¢]).
(b) Proof by contradiction: Provablepa([-0 — (0 =1)]) <> Provablepa([6]).

Proof. To prove this one has to note that the proofs of the corresponding theorems can be
formalized in PA since all they use is syntactic arguments and induction. U

Because N is a model of PA, we know that whatever PA proves is true about the natural
numbers, in other words, for every 7,-sentence 6,

N = Provablepa([#]) — 6.

Does PA know this? That is: does it prove Provablepa([#]) — 6 for all 87 Here is the
answer:

Theorem 5.41 (Lob, 1955). For every T,-sentence 8, PA does not prove Provablepa([6]) -
0 unless it proves 0 itself, i.e.

PA + Provablepa([f]) — 0 < PA+0.

Proof. We prove the left-to-right direction since the other one is trivial. Assume for con-
tradiction that PA + Provablepa([#]) — 6 yet PA # 6. Thus the theory T := PAu {0} is
consistent. By contrapositive, PA + =6 — =Provablepa([#]) and hence,

T + -Provablepa([0]). ()
By (a) and (b) of Lemma 5.40, we have
PA + Provabler ([0 = 1]) <> Provablepa([-0 - (0=1)])
and
PA + Provablepa([-0 — (0 =1)]) < Provablepa([0]),
which yield
PA + —Provablepa([#]) <> -Provabler([0 = 1]).

Now by (1), we get
T + -Provabler([0 = 1]).

But PA - -Provabler ([0 = 1]) < Conr (again by a metamathematical argument that we
can formalize this in PA), and hence T' + Cony, contradicting the Second Incompleteness
theorem. 0

6. UNDECIDABLE THEORIES

Fix a finite signature 7.

Definition 6.1. For a 7-theory T, let Thm(7") denote the set of its theorems, i.e. Thm(T") :=
{¢: T+ ¢} € N, where ¢ ranges over all T-sentences. If "Thm(T')" is recursive, T is called
decidable.

After various incompleteness results, we are now convinced that sufficiently rich recursive
theories T such as PA or ZFC are incomplete. But maybe we can still write a program that for
a given sentence ¢ decides whether it is a theorem of T" or not? More precisely, is T" decidable?
(If the answer was yes for example for ZFC, mathematicians would be unemployed and the
world would be an uninteresting place to live in.) This section is devoted to answering this
question.
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6.A. X9 sets and Kleene’s theorem

Definition 6.2 (X relations). A relation (set) @ ¢ NF is called X if for some recursive
relation R ¢ N++1

€@ < 3JzR(d,z).
We also denote by X9 the set of all ¥¢ relations.

Here are some closure properties of 39:

Lemma 6.3.

(1) X9 is closed under finite unions/intersections and taking projections, i.e. if P,Q ¢ NF,
R c NF+1 gre X9 then so are

Pv@Q, PAQ, 3xR(-, x).
(2) X9 is closed under recursive preimages, i.e. if f:NF - N is recursive and A € N is

Y0, then the relation B = f~1(A) is X9.

Proof. We leave (a) as a homework exercise, and we prove (b). Let R ¢ N2 be a recursive
relation such that for all n e N, n € A < 3ImR(n,m). But then the relation @ ¢ Nk+1
defined by

(d,m) e Q < R(f(a),m)
is recursive and hence the relation
i€ B < ImQ(a,m)
is 30, O
Lemma 6.4. For a t-theory T, if T is recursive, then "Thm(T)" is X9.

Proof. If T is recursive, then so is the relation Proof ¢ N2 defined in the previous subsection.
But then for all a e N

a€ " Thm(T)' < 3FzProofy(z,a).
0]

Let II9 denote the set of complements of X relations, i.e. II{ = {-R: R € X9}, and let
A?:=30nTI0. Also, let Recursive denote the set of recursive relations.

Lemma 6.5 (Kleene’s theorem). AY = Recursive.

Proof. 2: Tt is clear that Recursive € 39 (why?) and since Recursive is closed under comple-
ments, Recursive ¢ AY.
c: Let R c NF be a AY relation. Hence, there are recursive relations P,@Q ¢ Nf*! such that
Vi e Nk

i€ R < 3JzP(a,xr), de-R <— JzQ(a,x).
But then the function f:NF — N defined by f(a) = pz(P v Q(d,x)) is recursive and hence
sois R since G € R < f(a) e P. O

From this we immediately get the following decidability result:

Proposition 6.6. Every complete recursive T-theory T is decidable.
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Proof. Using the fact that for every 7-sentence ¢, ¢ ¢ Thm(7T) <= -¢ € Thm(T), we get
that for every a € N,

a¢ Thm(T)' <= a ¢ Sentence, or (SN(-),a) e "Thm(T)".

By Lemma 6.4, "Thm(T")" is X. Because -Sentence, is recursive (hence X?) and XY is closed

under recursive preimages and finite unions (6.3), the right hand side is X% and thus so is
~"Thm(T)". Therefore, "Thm(7T")" is A? and hence is recursive (by Kleene’s theorem). [

As a corollary, we get that ACF,, p = 0 or prime, and the theory of vector spaces over a
countable field” are decidable.

6.B. Universal X! relation and Church’s theorem

For any sets A, B, any relation R< Ax B, and a € A, put R(a) :={be B:(a,b) € R}. In this
subsection we construct a ¢ relation R € N? that is universal for recursive relations, i.e. any
recursive relation P ¢ N is of the form P = R(a), for some a € N. Using this we prove that
any consistent theory interpreting Q is undecidable. We start with proving the converse of
5.27.

Proposition 6.7. Let T be a recursive consistent T,-theory. Then any relation R ¢ NF
representable in T is recursive. In particular, any function f:NF — N representable in T is
TeCUTSIVE.

Proof. The statement about functions follows from that about relations since if f is repre-
sentable, then so is its graph (why?), and hence by the first statement the graph is recursive
and hence so is f, by the graph property (5.10).

Let R ¢ N¥ be representable in T' by a formula ¢(%). By the definition of representability
and because T is consistent, for all @ € N¥, we have

ieR < Tr o(A®@) < "6(A®@)) € Thm(T)".

The function s: N¥ - N defined by @ - "¢(A(a))" is clearly primitive recursive (just apply
the Sub function for each free variable of ¢). By 6.4, Thm(7") is X9 and hence the right hand
side is X9 by (b) of 6.3.

Because the definition of representability is symmetric for R and - R, we have that - R is
also representable (by —¢) and hence, by what we have already proven, =R is ¥¢. Hence, by
Kleene’s theorem, R is recursive. 0

From this and 5.27, we get
Corollary 6.8. Let f:NF - N. f is recursive if and only if it is representable in Q.
This allows us to construct a relation that enumerates all recursive subsets of N as follows:

Definition 6.9. Recall the primitive recursive function Subg(a,n) that has the property
that for every 7,-formula ¢,

Subo("¢",n) = "9(A(n)/vo) "

As it is written, 6.6 applies only to finite signatures and if a countable field F is not finite, the signature
T of the theory of vector spaces over F' is infinite. However, we can still assign codes to symbols in 7z so
that we can decode all the information about the symbol from its code in a primitive recursive way. Thus
everything proven above applies to 7 as well.
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For a 7-theory T that interprets Q by =, define a relation Ur € N2 by
Urr(a,n) < 7 (Subg(a,n)) e "Thm(T)".

Proposition 6.10. Let T' be a consistent T-theory interpreting Q by w. Then for each
recursive relation R € N, there is e € N such that R = U, r(e). Furthermore, if T is recursive,
then Ugr is X9.

Proof. The second statement follows from the definition of U, r and 6.4. For the first state-
ment, let ¢(vy) be a formula representing R in Q (there is always one with the free variable
being wvg), and thus for all n € N,

neR = Qr¢(A(n)) = Tra(¢(A(n)))
ngR = Qr-¢(A(n)) = Tr-m(s(A(n))).

Since T' is consistent, we get
neR < Trx(op(A(n))),
and therefore, letting e = "¢(vg) ', we have
neR < U,r(e,n).
0

If we take T'= Q and 7 = id in the above proposition, then, denoting Uiy q by Uq, we get
an even stronger result:

Proposition 6.11. The relation Uq is XY, and for every X9 relation P ¢ N, there is e € N
with P =Uq(e). Thus Uq is a universal X9 relation.

Proof. This is left as a homework problem. 0

If T is recursive, we know that U, r is X9, but is it recursive? The answer is NO, and we
show it by the diagonalization method.

Lemma 6.12 (Cantor). For a set A and a relation R < A2, let P ¢ A be denote its antidi-
agonal, i.e. P:={a:-R(a,a)}. Then P is not equal to R(a) for any a € A.

Proof. Assume for contradiction that P = R(a), for some a € A. Then we get a contradiction
because

-R(a,a) <= P(a) < R(a,a).
U

Corollary 6.13. For every consistent T-theory T interpreting Q by m, the relation Uy is
not recursive.

Proof. If U, r were recursive, so would be its antidiagonal P and thus, by 6.10, there is a € N
such that P = U, r(a), contradicting 6.12. O

As a corollary, we get the following important result:
Theorem 6.14 (Church, 1936). Any consistent T-theory T interpreting Q is undecidable.

Proof. Let m be an interpretation of Q in 7. If T were decidable, i.e. "Thm(T)" were
recursive, then U, r would be recursive as well, contradicting 6.13. O
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In particular, Q and PA are undecidable. Also, ZFC is undecidable unless it is inconsistent.
Church’s theorem also has the following rather surprising consequence based on the fact that
Q is finite:

Corollary 6.15. The empty T,-theory is undecidable, i.e. Thm, (&) is not recursive.

Proof. Let ¢q be the conjunction of the axioms of Q (here is where we use that Q is finite!).
Then, by the Deduction theorem, for any 7,-sentence 6,

QrO < T+ opq—0.
Thus, letting e = "¢q ', we get that for all a € N,
a€ " Thm(Q)' < (SN(-),e,a) € "Thm_ (2)".

Hence, "Thm,, (@)’ cannot be recursive since otherwise "Thm(Q)" would also be recursive,
contradicting 6.14. 0

7. DECIDABLE THEORIES AND QUANTIFIER ELIMINATION
Fix a signature 7.

Definition 7.1. We say that a 7-theory T" admits quantifier elimination (q.e.), if for every
formula ¢(Z), there is a quantifier-free (q.f.) formula ¢ (%) such that

T'=vi(p(7) < ¢ (x)). ()
Assuming that 7 is finite, we say that T admits effective quantifier elimination if there is

recursive function h: N — N such that for every formula ¢(Z), h("¢(Z)") is a code of a q.f.
formula (%) such that (*) holds.

We say that a 7-structure A admits q.e. if so does Th(A).

Note that for a 7-theory 7" to even have a chance to admit q.e. 7 must contain at least
one constant symbol because there would have to exist a quantifier-free sentence.

There is a deep connection between q.e. and decidability. To see this, consider the set
QFThm(T') := {¢ : ¢ is a q.f. sentence and T' + ¢}. In most interesting cases, this set (i.e.
the set of the codes) is recursive. For example, for T' = Th(R,0,1,+,-,-,<) or T' = ACF, a
q.f. sentence is just a Boolean combination of (in)equalities about terms made out of 0,1
using +,—,-, and hence it is (at least intuitively) clear that QF Thm(T') is recursive (in fact
primitive recursive).

Proposition 7.2. Let 7 be a finite signature and T a T-theory such that QFThm(T) is
recursive. If T admits effective q.e. then it is decidable.

Proof. Let h: N - N be a recursive function as in Definition 7.1, then for every n € N,
ne ' Thm(T)"' < h(n) e QFThm(T).
Thus "Thm(7T")" is recursive since so is the right hand side. O
Here are some famous q.e. results.

Theorem 7.3 (Tarski). The structure (R,0,1,+,—,-,<) admits effective quantifier elimina-
tion and hence its theory is decidable.

The above result is also known as the decidability of Fuclidean geometry.
For p prime or 0, because ACF, is complete, we know that it is decidable. But here is a
stronger result:
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Theorem 7.4 (Robinson, Tarski, possibly others). ACF admits effective quantifier elimina-
tion.

To appreciate this theorem, let A = (aij)z -1 and let ¢(A) be a formula in 7,y expressing
that A has an inverse. Clearly ¢(A) is an existential formula. A q.f. formula equivalent
to it is the one expressing that the determinant of A is not 0. But their equivalence is a
somewhat nontrivial fact!

Recall the following reduct of N: N, := (N,0,5,+). In one of the previous sections, we
defined a (primitive recursive) axiomatization T, for Th(IN,) is stated that it is complete
(and hence decidable). The completeness of T is a consequence of the following

Theorem 7.5 (Presburger). T, admits quantifier elimination.

To conclude the completeness of T, from this note that any model M of T', has a standard
part, i.e. N € M. Hence M and N believe the same q.f. sentences. But every sentence is
equivalent to a q.f. sentence (in 7} ), and thus N = M.

For the rest of the section, we will develop a model-theoretic criterion for q.e. using which
we will show that ACF admits q.e. As an application, we will prove Hilbert’s Nullstellensatz.

7.A. A criterion for quantifier elimination

Let 7 be a signature and A be a 7-structure. For B ¢ A, put 7(B) := 7 U B, where elements
of B are treated as new constant symbols. We define the natural expansion of A to a
7(B)-structure A(B) by interpreting symbols in B by themselves, i.e. Vbe B, bA(5) = b

Definition 7.6 (Diagram). For a 7-structure A and B ¢ A, define Diag(A, B) as the set of
all quantifier free 7(B)-sentences that are true in A(B), i.e.

Diag(A, B) := {¢: ¢ is a q.f. 7(B)-sentence and A(B) E ¢}.
When B = A, we simply write Diag(A) instead of Diag(A, A).
The following definition gives an equivalent (semantic) condition to quantifier elimination.

Definition 7.7. A 7-theory T is called diagram-complete if for any model A of T" and any
i e A" (for any n), the 7(@)-theory T'u Diag(A,d) is complete.

The term was chosen by me since I couldn’t find an already existing name (although the
notion is equivalent to substructure-completeness).

Proposition 7.8. Suppose T has at least one constant symbol c. Then a T-theory T admits
q.e. if and only if it is diagram-complete.

Proof. =: Put S := T'uDiag(A,d) and let ¢(Z) be a 7-formula with z = (21,...,2,). We
need to show that S proves either ¢(a) or —¢(@). By q.e. there is a q.f. formula () such
that T + ¢(Z) < «(x). By definition, ¢(a) € Diag(A,a) or —¢(a) € Diag(A,d), and hence
S+ o(da) or S+ -p(a).
<: Assume the right hand side and let ¢(Z) be a 7-formula with Z = (z1,...,x,). Put

['(z) :={¢(Z) : ¢ is a q.f. 7-formula and T'+ ¢(Z) - (%) }.

Take new constant symbols d = (dy, ..., d,) and consider the 7(d)-theory T" = T uT'(d). We
have three cases:
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Case 1: T' + qﬁ(ci) Since proofs are finite, there are y(d), ..., ¢(d) € I'(d) such that
T,41(d), .., ¥x(d) = ¢(d). By the Deduction theorem, letting (%) = (&) A ... A Y (Z), we
get T+ 1(d) - ¢(d). By the Constant substitution lemma (Lemma 2.39), T+ ¢(d) - ¢(d).
On the other hand, by the definition of I'(Z), ¥(Z) € I'(Z) and hence T + ¢(Z) - ¢ (Z). Thus
T+ (d) < ¢(d), and we are done.

Case 2: T' - ~¢(d). By the same argument as above, there is 1(#) € I'(Z) such that T +
(Z) - =¢(Z). But by the definition of I'(Z), T'+ ¢(Z) - ¢ (Z) and thus T + ¢(Z) - -¢(Z),
so T+ =¢(Z). Therefore, T + ¢(Z) < (c # ¢).

Case 3: T" v ¢(d) and T # —¢(d). Then T"u{-¢(d)} is consistent and by the Completeness
theorem, has a model A(d), where are A is its reduct to a 7-structure. Since A =T and T
is diagram-complete, S = T'u Diag(A, ci) is a complete T(J)—theory and hence proves either
o(d) or ~¢(d). But S cannot prove ¢(d) since A(d) = -~¢(d), so S + ~¢(d). Because proofs
are finite and T # -¢(d), there is 1)(d) € Diag(A,d) such that T  ¢(d) - —¢(d). Taking
the contrapositive and using the Constant substitution lemma (2.39), T+ ¢(Z) - —(Z)
and so -(Z) € ['(Z). Therefore, —-1Z1(d) e T" and hence —t(d) € Diag(A,d), contradicting
the consistency of Diag(A, d) since 1(d) € Diag(A., d). O

Note that in the definition of diagram-completeness, the model A is somewhat irrelevant,
it is only there to make sure that Diag(A,d) is consistent and contains ¢(a) or - (a) for
every q.f. formula 1 (%). We make this precise in the lemma below.

Definition 7.9. Let d be a vector of distinct constant symbols that do not occur in 7. A
set T'(d) of quantifier free 7(d)-sentences is called a T-diagram if T uT'(d) is consistent and
for every q.f. 7(d)-sentence 1, ¢ € T'(d) or —p € D(d).

Lemma 7.10. A 7-theory T is diagram-complete if and only if for any d (of any length)
and any T-diagram T'(d), TuT'(d) is a complete T(d)-theory.

Proof. < follows from the Soundness of FOL and = follows from the Completeness of

FOL. U

7.B. Quantifier elimination for ACF

In this subsection we prove that ACF is diagram-complete. The only method for showing
completeness that we have learnt so far is the Lo$-Vaught test, and that is what we will use.
The proof of the following proposition is almost the same as of 4.5.

Proposition 7.11. For every ACF-diagram T(d), ACF uT(d) is a k-categorical Tying(d)-
theory, for every uncountable cardinal k.

Proof. Let Ki, Ky = ACFuT'(d) with |K;| = |Ks| = . Note that K;, K, have the same
characteristic since it is expressible by a q.f. Tue-sentence which must be contained in F((Z)
Let p be the characteristic (p =0 or p is prime).

For i = 1,2, let F; be the base field of K;, i.e. the substructures of K, generated by @.
(If p = 0, then F; is a copy of Q; otherwise it is a copy of Z/pZ.) Since F; and F» are
clearly isomorphic (as rings), we can assume without loss of generality that Fy = F, =: F.
Let G = d¥1, b = d¥2, and denote by F(a), F(l;) the fields inside K1, K», generated by @b
over F'| respectively.
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Claim. F(d) and F(b) are isomorphic.

Proof of Claim. Elements of F'(d) are of the form 5 EZ;, where p, g are polynomials over F' and

q(@) 0. Define h: F(a) - F(b) by zgg > %. This is well-defined because if g(a) # 0, then

q(b) # 0 since @ and b have the same diagram T'(d) and ¢(d) # 0 is a q.f. Tyue(d)-sentence,
which must be in I'(d) since @ satisfies it. It is easy to verify that & is a field homomorphism
and hence is injective, and it is surjective because elements of F’ (5) are of the form %, for
some polynomials p,q over F'. —

Without loss of generality, we can identify F (@) and F(b), i.e. assume that L := F(a) =
F (5) Let B; be transcendence base over L in K;. (Transcendence base is a maximal
collection of algebraically independent elements over L.) Now it is not hard to see that
K; = L(B;), where L(B;) denotes the field generated by B; over L and L(B;) denotes its
algebraic closure in K;.

Because L is countable, |K;| = |B;|-®o +|L|. If B; is countable then so is |B;|- R + |L],
but K; is uncountable, and hence B; is uncountable. Then, by basic cardinal arithmetic,
|Bi| - Ro + |L| = |B;| and so k = |K;| = |B;|. Hence, there is a bijection f : B; - Bs, which
uniquely extends to an isomorphism of L(B;) onto L(Bs) by a map similar to the one in the
proof of the claim above. This isomorphism in its turn extends (not necessarily uniquely) to

an isomorphism of K = L(B;) onto Ky = L(B,). O
Corollary 7.12. ACF admits quantifier elimination.
Proof. Follows from 7.10 and 7.8. U

Corollary 7.13. The definable subsets of an algebraically closed field are finite or cofinite.

Proof. Let K be an algebraically closed field. By q.e., every definable set S € F' is defined
by a q.f. formula ¢(x). For the base case ¢(x) = (t1(x) = t2(x)), the statement is clear since
t;(x) is a polynomial in z with coefficients in K and the polynomial ¢;(z) — t2(z) has only
finitely many roots. The step case is also clear since the set of finite and cofinite subsets
of K is closed under finite unions (corresponding to A) and complements (corresponding to

). 0

Remark 7.14. One can also show using a similar argument that the theory of vector spaces
over a countable field admits qg.e. and conclude that the definable subsets of a vector space
are only the finite and cofinite ones. In general, structures with only definable subsets being
finite or cofinite are called strongly minimal. It turns out that in those structures one can
always define an abstract model-theoretic operation that generalizes algebraic closure (for
fields) and span (for vector spaces), and this operation allows to define notions of basis
and dimension such that the rest of the structure is “free” over a basis in the sense that
any bijection between bases extends to a (not necessarily unique) isomorphism between the
structures.

7.C. Model completeness and Hilbert’s Nullstellensatz

The following is a very useful notion that is slightly weaker than quantifier elimination.

Definition 7.15. A 7-theory T is called model-complete if A ¢ B implies A < B, for all
ABET.
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Proposition 7.16. Quantifier elimination implies model-completeness.

Proof. Suppose T admits q.e. and A € B, where A;B =T. Because A and B agree on the
q.f. formulas about the elements of A, and every formula is equivalent to a q.f. formula (in
T), A and B agree on all formulas about the elements of A. 0

Remark 7.17. In fact, model-completeness is equivalent to the statement that every formula
is equivalent (in T') to an existential and a universal formula (recall that it was a homework
problem to show that linear independence was such a formula).

Thus ACF is model-complete since it admits q.e. Note that this fact actually follows from
7.11 directly without using 7.8.

Model-completeness of ACF implies the following famous (basic) theorem of algebraic
geometry:

Hilbert’s Nullstellensatz 7.18 (Weak Form). Let F' be an algebraically closed field and
I be a proper ideal in the polynomial ring F[t1,...,t,]. Then the polynomials in I have a
common root in F, i.e. there is a € F™ such that f(a) =0 for all f(t1,...,t,) € F[t1,...,t,].

Proof. Take a maximal ideal M containing I (exists by Zorn’s lemma) and put
K := F[ty,....t,]/ M.

Since M is maximal, K is a field. Note that now every polynomial in M has a root in K in
the following sense: for f(ti,...,t,) € M, let f(z1,...,x,) be the polynomial obtained from
f(t1,...,t,) by replacing ¢; with variables z; of FOL(7ne). Then, by the definition of K, for
all such f e M, f(b) =0, where b= (t, + M, ....t, + M) € K. (This is why we moved from F
to K: to artificially create a common root).

Let L be an algebraic closure of K. Since K ¢ L, there is still a common root in L
for all polynomials in M. Now we want to use the model-completeness of ACF to transfer
this statement down to F' to obtain a common root in F'. However, expressing (in a first-
order way) the statement that all polynomials in M have a common root seems to be a
problem because there are infinitely many polynomials in M (while formulas are finite).
Luckily, Hilbert’s basis theorem says that any ideal in F[t1,...t,] is finitely generated, so M
is generated by some fi, ..., f, € F[t1,...t,]. Thus all polynomials in M having a common
root is equivalent to fi,..., f;, having a common root. Put

6(d) = aff\lui(f) ~0),

where @ € F* is a tuple containing all coefficients of fi,..., f;,. By model-completeness of
ACF, because F ¢ L and F, L = ACF, we have F < L. Hence F = ¢(d) because L = ¢(a), and
thus fi,..., f,n have a common root in F'. 0

From this form of the Nullstellensatz, we can derive its strong form using the so-called
Rabinowitsch trick. First we introduce some notation. For a ring R, let Z(R) denote the set
of its ideals. For a field F', ad € F", and J € Z(F[Z]), we say that d annihilates J, and write
J(a) =0, if for each feJ, f(a)=0. Put V(J):={de F":J(a)=0}. Similarly, for U ¢ F",
put I(U):={f € F[Z]: f(@) = 0}. Clearly, I(V(J)) 2+/J, where \/.J is the radical of J, i.e.

V= {feF[Z]: f™eJ for some m e N}.
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Hilbert’s Nullstellensatz 7.19 (Strong Form). Let F' be an algebraically closed field. For
any J € Z(F[Z]), I(V(J)) =\/J.

Proof. Let f e I(V(J)), so every a € F™ that annihilates J, also annihilates f. Let ¢ be a
new indeterminant variable and note that there is no element of K™+! that annihilates both
J and 1-tf. Thus, by the weak form of Hilbert’s Nullstellensatz, the ideal generated by
Ju{l-tf} in F[Z,t] must be equal to F[Z,t]. Hence, there are some fi,..., fr € J and
g1(t), ..., grs1(t) € F[Z,t] such that

gl(t)fl + ...+ gk(t)fk + gk+1(t)(1 - tf) =1.

Assuming that f # 0 (otherwise, we are done), plug in ¢t = 1/f and get

Multiplying both sides with f™ for large enough m € N, we get

afit . +gfu=1",

where §1, ..., §x are some polynomials in F[#], which shows that f € \/J. O
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