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In the beginning of the 20th century various paradoxes (Russell, Skolem, Fraenkel,..)
resulted to a crisis in the foundations of mathematics. Hilbert put forward a new
proposal for the foundation of mathematics which has come to be known as Hilbert’s
Program. In 1899 Hilbert had already published Grundlagen der Geometrie where he
provided the first axiomatization of elementary geometry that was sufficient to prove
all statements in Euclid’s Elements, without any hidden assumptions. Hilbert’s pro-
gram wanted a similar formalization of all of mathematics in axiomatic form, to-
gether with a proof that this axiomatization of mathematics is consistent. During
the second half of 1920s there was hope in some mathematical circles (see, Interna-
tional Congress of Mathematicians in Bologna, 1928) that they were really close in
finding a complete and consistent axiomatizations for classical mathematical theo-
ries such as real analysis and arithmetic. By 1931 and due to Godel we knew already
that these beliefs were rooted in false optimism.

Consider for example the universe N' = (N, 0, <, +, %) of all natural numbers to-
gether with structure enough to allow us express (in first order logic) basic arithmetic
properties, such as the fact that there are infinitely many prime numbers:

VaIpVa,b (x < p) A ((a*bzp) = ((a=p) V(b :p)))

To resolve successfully Hilbert’s program for arithmetic one would need to find a
collection A of statements (axioms) which are consistent and suffice in proving all
statements which are true in N'. Godel’s 1st incompleteness theorem says that there
is no ”computable” such collection A. It is usually stated as follows:

Theorem 1. Let A be a collection of arithmetic statements so that

(1) A is recursive;

(2) A is consistent, i.e., does not prove —(0 = 0);

(3) A proves enough elementary arithmetic statements, e.qg., all Robinson’s azx-
oms.

Then there is an arithmetic statement which can neither be proved nor disproved

from A.

This statement is actually a slight strengthening of the original Godel’s incom-
pleteness theorem due to Rosser. The original weak statement replaces (2) by the
following stronger assumption (to be explained later on)

(27) A is w-consistent.

The even weaker statement which replaces both and (2) and (3) by the following
is due to Tarski:

(4) A is correct, i.e., all statements provable from A are true in (N, 0, <, 4, %).

It will be instructive to start by providing a short proof of Tarski’s theorem. Later,
after we develop more recursion-theoretic machinery we will prove Theorem 1 and
provide more applications.
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1. INCOMPLETENESS IN A NUTSHELL

Let M be some machine which prints out one after the other various expressions
in the alphabet:
- PN ()

By an expression we mean any finite non empty string such as (()PN). Any
expression that is eventually going to be printed out of Ml we call it printable. Let
X be some expression. The norm of X is the expression X (X). For example, the
norm of ((N is ((N(((N). A sentence is any expression of the following four forms

P(X), PN(X), -P(X), —-PN(X),

where X is any expression. We assign a truth value to all sentences. We say that
P(X) is true if X is printable. We say that =P (X) is true if X is not printable. We
say that PN(X) is true if the norm of X is printable and we say that =PN(X) is
true if the norm of X is not printable.

Definition 2. We say that M is correct if every printable sentence is true. We say
that M is complete if for every true sentence is printable.

Theorem 3. There is no machine M that is both complete and correct.

Proof. The idea is to find a sentence which asserts its own non-printability. For
example consider the sentence =PN(=PN)...
OJ

Tarski’s theorem

Here we derive a weak form of Godel’s incompletness theorem after establishing
Tarski’s “undefinability of truth” result. The syntax we are going to use in non-
standard and is not going to be used anywhere else (except in HW1). The reason we
use it is that it simplifies significantly some technical details and allows for a quick
proof of Tarski’s theorem. As in Section 1 we will define an alphabet and among the
various expressions we are going to distinguish certain ”well formed” ones which we
are going to call sentences. We will then assign a truth-value to these sentences by
interpreting them as statements about the natural numbers.

2. ALPHABET

We will use an alphabet consisting of the following 13 symbols
0’ ()pev- =V =< |

We are now going to introduce some abbreviations for certain expressions in the
above alphabet. Of course, when working formally, all abbreviations should be
replaced with the original expressions.
0,0,0”, ... will be called numerals and we will abbreviate them by 0,1,2, .. ..
D, Pa, Poe Will be abbreviated by +, %, E

(vg), (Ves), (Vase), - - - will be called variables and will be abbreviated by vy, vg, vs, . . .

The last symbol | will be used only in the HW.
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3. TERMS AND FORMULAS

By a term we mean any expression that is included in the smallest collection of
expressions which

(1) contains all numerals and variables;
(2) contains any expressions of the form (¢ + s), (¢t x s), (tEs), t’ where s, are
themselves terms.

An atomic formula is any expression of the form ¢ = s or t < s, where s,t are
any terms. By a formula we mean any expression that is included in the smallest
collection of expressions which contains

(1) all atomic formulas;

(2) any expression of the form —¢ where ¢ is a formula,

(3) any expression of the form (¢ = ), where @, 1) are formulas;

(4) any expression of the form Vv, p, where v, is a variable and ¢ is a formula.

4. SENTENCES

For any term ¢ we can generate its syntactic tree in the obvious way. Leaves of this
tree are either numerals or variables. Any leaf of the syntactic tree of ¢ that is labeled
by v, is an occurrence of v, in t. All occurrences of v, in t are free occurrences.
Similarly all occurrences of v,, in atomic formulas are free occurrences. Inductively
the free occurrences of v, in (p = 1) are the free occurrences of v, in ¢ and the
free occurrences of v, in ¢; the free occurrences of v,, in = are the free occurrences
of v, in ¢; v, does not occur freely in Vv, p; and free occurrences of v, in Vv,,p are
those of ¢, if n # m.

A sentence o is any formula in which no variable occurs freely.

5. ASSIGNING TRUTH-VALUES

So far everything took place on the syntactic level. Now we can use the natu-
ral numbers and the actual operations of successor, addition, multiplication, and
exponentiation to give meaning to the well formed expressions.

A term t is called closed if no variable occurs free in ¢t. To each closed term we
assign a unique natural number as follows: to the numerals 0, 1,2, ... we assign the
actual numbers 0,1, 2, ...; if n has been assigned to ¢t and m has been assigned to s
then we assign n+1, n+m, nxm,n™ to the terms t', (t+5s), (t*s), (tEs) respectively.

Example. the term ((0”p0")ps0”)" is assigned the number 9.

Let formula ¢ be a formula m is a numeral, we denote by ¢(m ~ v,,) the formula
attained by ¢ after we replace all free occurrences of v, in ¢ by the numeral m.

We define a sentence to be true inductively:

(1) t = s is true if and only if ¢, s are closed the number assigned to ¢ equals to
the one assigned to s;

(2) t < sis trueif and only if ¢, s are closed the number assigned to ¢ is less than
or equal to the one assigned to s;
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(3) —o is true if and only if o is not true;

(4) (0 = 7) is true if and only if either o is not true or both o, 7 are true;

(5) Yu,p is true if and only if for all numerals m, we have that p(m ~» v,) is
true.

6. DEFINABLE RELATIONS OF NUMBERS

Let R be a subset of N¥ and ¢ be a formula whose free variables are v,,,, ..., v,
We say that ¢ defines R if for all (mq,...,m;) € N¥ we have that

P

O(My ~> Vpyy ooy My~ Oy, ) Is true <= (my,...,my) € R
The set of even numbers is definable for example by the formula
—Vug=(v1 = 0"pagvs)

Later in this class we will study more the relationship between definable relations
and recursive/recursively enumerable relations. We will see for example that if we
dropped pag from the alphabet, restricting this way our ability to refer directly to
exponentiation, the definable sets would be the same. A function f: N¥ — N is
definable if its graph is definable as a relation.

7. CONCATENATION IN BASE b

For every b > 2 we define a function (m,n) — m*,n from N? to N as follows: let
ly(n) be the number of digits one needs to express n in base b notation and set

moym=m b 4 p

Informally mx*,n is the number whose base b expression is attained by concatenating
the base b expression of m on the left of the base b expression of m.

Besides the usual base 10 we will also consider the b = 13 case. We will use the
following primitive digits for expressing numbers in base 13 notation:

0123456789 aif~y
Lemma 4. The relation x x, y = z s definable for every b > 2.

Proof. Notice that b%( is simply the smallest power of b that is greater or equal to
n. We will show that the relation consisting of all points of the form (n,b"™) is
definable.

The set of all numbers which are powers of b is definable by the formula Powy(z) =

Jy(z = (bEy)), or more formally,... (left to the reader)
The collection of all pairs (x,y) with the property that y is the smallest power of
b greater or equal to x is definable by the formula

s(z,y) = Powy(y) A (z < y) A (Vy((z < y) APowy(2)) = (2 <)),
or more formally... But then z %, y = z is definable by the formula

Jas(y,a) A (z = ((z *xa) +y)
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g

Notice that if m, n, k are positive natural numbers then (mx,n)x,k = mx, (n* k).
The same fails however when n is 0, e.g. (3 %19 0) x19 1 = 310 # 31 = 3 %10 (0 %10 1).
Whenever we write m %, n %, k from now on, it will be implicit that the parenthesis
is on the left pair (this way we do not lose information).

Lemma 5. The (k + 1)-ary relation x1 *p To *p . . . %, T, = y is definable.

Proof. Exercise. O

8. GODEL-QUINE NUMBERING

Under the interpretation of our language on N we can can use formulas and
sentences to talk about properties of numbers. Godel’s idea was to ”coordinatize”
the syntax using natural numbers and turn, this way, our language to implicitly talk
about syntactic properties of the language as well as metamathematical properties
of the interpretation we fixed. The setup we chose will allow us to chose a different
”coordinatization” than Godel’s original one which will significantly simplify our
proofs. This ”coordinatization” is due to Quine.

To each expression F in the above fixed language we are going to assign a number.
Since our alphabet has 13 symbols it will be convenient to express numbers in base
b = 13 to simplify the coding. We will denote m*;3n simply by mxn. Every symbol
in out alphabet is assigned a number according to the following table.

Let £~ be the collection of all expressions which on the left do not end with ’
then to each F in £~ we can assign the number whose representation in base 13 is
the one attained by F if we replace every symbol with the corresponding digit in
the above table. For example the expression ))0’| is assigned the number 33107 (in
base 13). We denote by E,, the expression that corresponds to the number n in the
above coding.

Remark 6. We have:

(1) the map n — E,, defines a bijection between N and £~

(2) the numeral m is assigned the number 13™ (here we used base 10).

(3) If E, is the expression we get if we concatenate E, to the left of E,, ie.,
E.=FE,F, then z = z xy.

The only properties we will use about this coordinatization are summarized in
the next corollary.

Corollary 7. The following two relations are definable:

(1) Conc(z,z,y) C N3 which states that z is the Gddel-Quine number of the
expression FyF,.
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(2) Numeral(x,y) which states that E, is the numeral Z.

Our task now is to see whether various syntactic and metamathematical properties
generate definable relations under the Godel-Quine coding. In particular consider
consider the following subsets of N:

(1) all natural numbers which correspond to sentences;
(2) all natural numbers which correspond to true sentences;
(3) all natural numbers which correspond to provable sentences.

So far we haven’t defined what the last set is. This will be done in HW1. There
you will prove that the first and last set is indeed definable. Regarding the second
set we will see now that this is not the case.

9. TARSKI’'S THEOREM

Let #+ be the collection of all natural numbers n for which the expression FE,
is a true sentence. Assume moreover that we have established a proof system for
arithmetic and we denote by #p the collection of all natural numbers n for which the
expression F, is a provable sentence. In this subsection we will prove the following
Theorem due to Tarski.

Theorem 8 (Tarski). The set #1 is not definable.

Before we proceed to the proof of Tarski’s theorem we point out that it imme-
diately implies the following incompleteness theorem. We will later see that every
recursive set is definable in the sense of this section.

Corollary 9 (Godel-Tarski). If the proof system is correct and #p is definable then
there exists a true but non-provable sentence.

Non-constructive proof. For a constructive argument we the end of this section.
Correctness implies that #p C #7. But we also have #p # #7 since #p was

assumed to be definable and #7 is not. Hence we have #p C #7 and therefore

there is a sentence true but not provable. U

Let A be a subset of N. A Godel sentence o for A is sentence with the property
that

oistrue <= GQu(o) € A.

where GQ (o) stands for the Godel-Quine number of . In other words o can be
thought as if it is stating GQu(c0) € A. Most incompleteness arguments rely on
cooking up some appropriate Godel sentence. Godel’s method for constructing such
sentences depended in showing that there is definable map sub: N x N — N with
the property that if n is the Godel number of a formula ¢ having v, as its only
free variable then sub(m,n) is the Gédel number of the formula ¢(m ~» vy). Using
a trick due to Tarski we can simplify Godel original method in the context of the
Go6del-Quine numbering.
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Two formulas ¢, ¢) which have the exact same collection of free variables v,,,, ..., v,
are called equivalent if for all numerals mq,...m; we have that the sentence
oMy ~> Uy, ..My~ vy,) s true if and only if ¥(my ~ vy, .. g~ Up,)
is true. In particular, two sentences o, 7 are equivalent if ¢ is true if and only if 7
is true. Let E now be an expression and let m be a natural number. We define a
new expression, which we denote by E[m], by setting

Elm] :=VYv(vy = m = E)

Lemma 10. If ¢ is a formula having vy as its only free variable then for every
m € N we have that ¢(1h ~ v1) and p[m] are equivalent.

k

Proof. ¢[m] is true iff
for every n € N we have that n = m = (i ~» v1)) is true iff
for every n € N we have that either =n = m is true or p(n ~» vy)) is true iff
p(m ~ vy1)) is true. O

Let now subp: N X N — N be the map that sends the pair (m,n) to the Godel-
Quine number of the expression E,[m)].

Lemma 11. The map subr is definable.

Proof. We compute the Gédel-Quine number of E,[m]. Recall the correspondence
(in base b = 13):

~

ve ) ((ve )= m = L, )
9 26 53226 5 3 a GQum 8 GQuE,) 3
But GQ4(E,) = n and GQy(1n) is simply 13™ in base b = 10. Let ¢ be the
natural number which in base 13 its expression is 9265322653« and notice that
subp(m,n) =k <~
Ax(z = 13™ ANk = cx13 T *13 8 %13 11 *13 3)
By Lemma 5 it is easy to see now that the relation subr(m,n) = k is definable by

turning the above to the corresponding formula (replace 3 with =V—, replace m,n
and k with variables vy, v, and vs, etc.) O

Let now d: N — N be the diagonal of subp. That is
d(n) = subr(n,n) = GQL(E,[n])
is the Godel-Quine number of the expression E,[n]. For every A C N we set
d'(A) := {m € N: d(m) € A}.
Lemma 12. If the set A C N is definable then d='(A) is definable.
Proof. Notice that
med (A < Fyldm)=yAyc A).
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Lemma 13. If A is definable then there is a Gddel sentence for A.

Proof. Let ¢ be a formula whose only free variable is v; and which defines d~'(A).
Let n, be the Godel-Quine number of . Consider the sentence ¢[n,]. We claim
that this is a Godel sentence for A. To see this notice that

©[h,] is true <= n, € d"'(A) < d(n,) € A
But d(n) is the Gédel-Quine number of p[n). O

We can now finish the proof of Tarski’s theorem.

Proof of Theorem 8. If the set #+ of all Godel-Quine numbers of true sentences was
definable then the set # 7 of all Godel-Quine numbers of false sentences, being the
complement of #+, would be definable as well. But then by the previous lemma we
would have a Godel sentence o for #r which gives a contradiction because then

oistrue <= GQu(o) € #5r <= o is false

where the first equivalence is because o is the Godel sentence of #, and the second
equivalence is because of the definition of # . O

Using Lemma 12 we can provide a “constructive” proof of Corollary 9.

Another proof of Corollary 9. Since #p is definable then the set (#p)¢ of all Godel-
Quine numbers of sentences which are not provable is definable. By Lemma 12 we
can find be a formula ¢ whose only free variable is v; and which defines d—'((#p)°).
Let n, be the Godel-Quine number of . Consider the sentence ¢[n,]. We claim
that ¢[n,] is true but not provable. We have that

p[n] is true <= (N ~> vy) is true

and since ¢ defines d~!((#p)¢) the latter is equivalent to d(ny,) € (#p)¢ which by
the definition of d it is equivalent to ¢[n| being not provable. To summarize, we just
showed that

@[n] is true <= ¢[n] is not provable

We now have to show that it is both true and not provable. But it this is not the
case then p[n] would be both not-true and provable which contradicts the fact that

the proof system was assumed to be correct.
0

10. AN ABSTRACT FORM OF THE ARGUMENT

The previous argument is applicable in any setup where we can isolate the follow-
ing structure:

(1) € is an enumerable set which we call expressions;
(2) S C &€ which we call sentences;

(3) P C S which we call provable sentences;

(4) ® C & which we call formulas in one free variable;
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(5) a function &€ x N — &£ denoted by (E,n) — E|n] so that ¢[n] € S whenever
peP;
(6) 7 C S which we call true sentences;

Notice that every
Let A C N and ¢ € ®. We say that ¢ defines A if

neA << gneT.

Let g: £ — N be an 1 — 1 enumeration of the expressions and write FE, for the
unique expression with g(E,) = n. Let d: N — N be the map with d(n) = g(E,[n]).

Theorem 14 (Abstract form of Godel-Tarski). If d(g(S \ P)) is definable and
PCT thenP #T.

Proof. Exercise. O

11. DISCUSSION

We used the structure (N, 0, <, S, +, %, E)

However, given (N, +, %) we can define (N, 0, .5, +, *, <).

In fact we have enough strength to define E as well.

What about (N,0,1,+)?

It is known as Presburger arithmetic and it admits complete and recursive axiom-
atization (no self-reference is possible).

Some more recursion theory

12. ORACLES

Recall that the collection R of all recursive functions is the smallest collection of
partial maps f: N¥ — N, k£ > 0 which contains

(1) the constant maps c¢o: N — N with (z1,...,2,) — 0;
(2) the successor map S: N — N with x — = + 1;
(3) the projections 7;: N* — N with (z1,...,%,) — z;, where j < n;

and which is closed under the operations

(i) of composition: given g: N* — N and hy,...,h,: N\ = Nin R then the map
f: N = Nis in R, where

flzr, .. x) = glhi(zr, ... 20), . b2, ..o 7))

(ii) of primitive recursion: given g: N* — N and h: N**? — N in R, the map
f::N**! 5 Nisin R, where

f0,21,...,2,) = g(xq,...,2,), and

fn+12,...,2,) = h(n, f(n,z1,. .., Tp), T1, ..., Tp).
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(iii) of minimalization: given g: N"*!' — N in R then the map f: N* — Nis in R,
where

f(@) = pylg(y, z) = 0],
where f(z) | iff there is y so that g(y,z) = 0 and for all z < y we have that
9(2,2) |

Definition 15. An oracle is any total map a: N — N.

Let Fi,..., F, be any total functions with F;: N" — N. We say that a partial
map f is recursive in Fy,..., F, and we write f € R(Fy,..., F,) if f is in the
smallest collection defined as R is defined above but which together with the maps
in (1),(2), (3) it additionally contains Fi, ..., F,. The interesting case is of course

when F; € R.
Lemma 16. For any F, ..., F, as above there is some unary a: N — N so that
R(Fy, ..., F,) =R(«).

Reminder. We have a primitive recursive (): |J,»oN* — N which codes all
finite sequences with natural numbers (}) = 0, and if p; is the i-th prime (with
po = 2) we have

((no,...,np)) = E_yprott,
Recall that the subset Seq(s) of N consisting of all numbers numbers s which are
in the range of (_) is primitive recursive. We have a primitive recursive decoding
function (s); where if Seq(s) and n;+1 is the exponent of p; in the above factorization
then (s); = n; and in all other cases (s); = 0.

If we want to code/decode N¥ with N, for a fixed k, there are “direct” and bijective
primitive recursive ways of doing so.

Proof of Lemma 16. We can assume without loss of generality that every F' = F; is
unary by replacing F': N¥ — N with F': N — N with

F(s) = F((8)o,- -+ (8)s-1)
Given now unary F,...F,, we can code them in one map a: N — N with

a(n) = (Fi(n),... Fn(n))

Given a: N — N we denote by & the map N — N given by
a(n) = («(0),...,a(n —1)).
Notice that @(n) is primitive recursive a(n + 1) = (@(n) * (a(n))) where recall that
sxt={(ng,...,ng,Mg,...,my), if s=(ng,...,ng),t = (mg,...,my),

and s x ¢t = 0 otherwise.
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Lemma 17. A partial k-ary map f is recursive in o if and only if there is a primitive
recursive relation P C N¥t2 so that:

f(Z) =y <= InP(z,y,a(n)).

Proof. <= Assume that f is a partial k-ary map whose graph is defined by some
primitive recursive P as above. Then

F(x) = (ps[P(2, (s)o, a(()1))]),

=

Notice that we can recover n and a(n) from @(n) using primitive recursive func-
tions:

(i) n = length(a@(n))

(i) a(n) =y iff 3z <@(n) (length(a(z)) =n+1 A y = (@(2))n)-

Step 1. Check that all maps (1), (2), (3) are of this form.

Step 2. To check composition we can assume for simplicity that f(z) = g(h(z)).
Inductively we assume that h(z) = y <= InP(z,y,@(n)) and ¢g(y) = 2 <=
ImP'(y, z,@(m)) but then

flx) =2 <= Jy(h(z) =y Agly) =2) <=
= 3y([EnP(,y,aln ) ASE (G, 2 )
< JyInIm(P(z,y,a(n)) A P'(y,z,a(m)))
= 3s(s = (g, m)) (P& ()0, A(5)1) A P/((8)0, 2, ((5)2))

It is not difficult to see that the last expression can be brought in the form 3s Q(x, z, @(s))
where () is a primitive recursive relation. For example one has to find a primitive
recursive function p: N — N with the property that p(a(s)) = @((s)z2). for every
function a: N — N. For that use (i), (ii) above.

Step 3. Primitive recursion left as exercise.

Step 4. To check minimalization we can assume again without loss of generality
that f(x) = ptg(z,t) = 0] and that g(z,t) =y <= InP(x,t,y,a(n)) with P
primitive recursive. But then

fle)=y <= (9(z,y) = 0N (Vz <y glz, 2 >0))
< InP(z,y,0,a(n)) A (Vz < yFw(w > 0 A Im P(z, y,w a(m))))
< InP(z,y,0,a(n)) A JwIm(Vz < y((w). > 0A P(z,y, (w).,a )

<= 3l = (n,w, m)(Primitive Recurswe Stuff)

t

Recall that if A C N” then we can “identify” A with its characteristic function
Xa. Recall also that the convention is that x4(Z) = 0 if and only if T € A.
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Theorem 18 (Kleene’s normal form relative to «). There is a total, primitive
recursive function U: N — N and a primitive recursive relation T C N3 so that that
for each total unary function o, every k-ary partial recursive function with respect
to a has the form

U(/m [T(e, (21, ... ,xk),a(n))}), for some e.

Proof. Recall that there exists a primitive recursive relation T C N so that the
relation

Elmf(e, (x1,...,TE), M)

is universal for recursively enumerable relations, i.e., for every recursively enumerable
R(x1,...,x;) there is e so that R equals the above relation for this fixed e.

Let now f: N¥ — N be partial recursive with respect to a. By the previous lemma
we have primitive recursive relation P so that:

f(Z) =y <= InP(7,y,a(n)).

Hence for some e we have that

f@) =y <= In3ImI(e, (xr,.... a1,y (n)), m)
<~ E'lT <33'1,... xk,y,@((l)0)>,(l)1)
— dl T <x1, e, X, y,a(l)>),
where T <£C1, . xk,y,u> = T <x1, o ,xk,y,p(u)>,q(u)), and p, ¢ are the ob-
vious primitive recursive functions. Thus
Fr, . z) = (pn[T(e (2, ... ap, (0o, @(0)1)))]), =

= U(,LLTL [T<€7 <I’1, s 7$kaa<n)>)

where U(z) = (2)o and T'(e, (x1,..., 2k, 2)) = T(e,(x1,...,24,7(2),5(2))), for the

obvious primitive recursive maps 7, s. U

Corollary 19 (Kleene’s enumeration theorem.). For every «, the class R(a) of
partial recursive maps with respect to o has the enumeration property.

Proof. By Kleene’s Theorem the map ¢%: N*1 — N with (e, 21,...,75) =
U(pn [T(e, (z1,...,25),a(n))]) is in Rys1(a) and it is universal for Ry (). O

A relation R(Z) is recursive in « if its characteristic function is. It is recursively
enumerable in « if there is some recursive in « relation P(n,z) so that R(Z) =
dn P(n, ).

Everything that was proved in Math117a about recursively enumerable relations
has a relative to a version. In particular:
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Theorem 20. There is a primitive recursive relation T (e, z,u) so that for all « and
all P C N we have that P is recursively enumerable in o if and only if there is e € N
so that

P(z) <= 3nT(e,xz,a@(n)).

13. TURING DEGREES

For a, B: N — N total maps we say that a <7  if and only if « is recursive in f3,
i.e. {rec in a} C {rec in 8}

Think that f is a stronger oracle (knows more) than .

a<pa

a <r [ and [ <r v implies a <r 7.

a=rfiff a<rpfand <7«

The equivalence class [a|r = {8: a =r B} of a under =r is the Turing degree
of a.

The collection D = {[a]r: a € NV} of all Turing degrees forms a partial ordering
under <gp.

We will now provide an alternative description of <r. We first need to fix some
notation.

N<N={s: N — N | dom(s) = {0,...,n—1},n € N}. We write s = (s¢,...,5,_1)
for any element s € NN so that s; € N. We also denote by |s| the length of

s which in the above case is n. We write s C ¢ if t = (to,...,t,_1) extends
s = (Soy.+ySm—1), 1.e., if t; = s; for all i < m — 1. If & < |s| then we write s|k
for (sg,...,sr_1). We extend this notation to elements a of NY, in the obvious way,

so that a|k € N¥. Notice that N<N = [ J N" has a natural tree structure under C
where each N" is a “horizontal level.”

Definition 21. A (total) map ¢: N<N — N<N is called monotone if
s Ct = p(s) Celt).
Given any such monotone map, we define a partial map ¢*: N¥ — NN by
() = elaln),
whenever the length |p(a|n)| grows to infinity. Write ¢*(«) | if and only if Vm3n|p(a|n)| >
m.
Definition 22. We say that ¢ is computable if @: (s) — (p(s)) is computable.

Theorem 23. Let o, be two oracles. Then o <p [ if and only if there is a
computable monotone ¢: NN — N<N 5o that ¢*(f) = a.

Proof. (<). Let p: NN — N<N be computable so that ¢*(3) = a. We have that
a(k) = ¢(Bl1)(k), where 1= pn[lp(Bln)| > k]
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In other words, recalling the notation 5(n) = (8|n) = (3(0), 8(1),...,B8(n — 1)), we
have that

a(k) = (@(B(un[lenght@(ﬁ(n))) > k] )))k

(=). Assume that @ <p §. Then by Theorem 18 there are primitive recursive
U, R so that for some fixed e we have

a(k) = U(un[R(e, k, B(n))]).
We will find now some ¢ = @, so that ¢*(3) = a.

To compute ¢(s) the rough idea is to plug (s|n) € N'<N in the place of (n). Of
course even when k << |s| there is no guarantee that there is some n > 0 so that
R(e, k,(s|n)) = 0. To accommodate for this problem in a way that will not ruin
monotonicity or ¢*(5) = a we will modify things as follows. First given s we will
predetermine the length of |¢(s)| by defining the following function:

length?(s) = pl[(I <|s|) A (Vk <13n < |s| R(e, k, (s|n)) = 0)]

We will now send s to a sequence ¢(s) with |¢(s)| = length?(s) so that for all
k < length?(s) we have

p(s)(k) = U(un < |s|[R(e, k, (s|n))])-
It is left to the reader to confirm that ¢ is monotone computable and ¢*(8) = a. O

A consequence of the above proof is that we have a sequence ¢y, ..., @, ... of
recursive monotone maps so that

a<p B <= Je(pi(f) = )

In fact it is not difficult to see that this is a “uniformly recursive” family, i.e., the
map (e, s) = p.(s) is recursive!

Theorem 24. (D,<r) is not a total order, i.e., there are o, so that neither
a <r f3, nor B <r a.

Proof. We will construct «, 3 as the limits of the respective sequences s”,t" € N<N,
For every n we will make sure that |s"| = |[t"| = [,, with [,, strictly increasing and so
that s" C s"*1 ¢ C "1 At the end we set « =, s" and 8 =, t"

At the n-th stage we will make sure that s, ¢" are selected so that if n = 2e + 1
then any extension of s" to some « is not in the image of any extension S of t"
under f. If n = 2e we will make sure that any extension of t" to some /3 is not in
the image of any extension « of s,, under .

Set st = ¢! =0 and I_; = 0. Assume now that for n > 0 we have defined
sttt 1. We define st 1,,.

Case n = 2e. We will make sure that ¢’ (a) # (.

Subcase 1. If for every s that extends s"~! we have that ¢.(s) does not strictly
extend "1, then let s” and t" be any strict extensions of s~ and t"~! of equal
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length and set [,, = |s"|. Any «, 3 extending s",¢" will have the property that
pr(a)|ln # " = Bl

Subcase 2. If there is some s extends s"~! so that ¢.(s) also strictly extends
then set s" = s, [,, = |s"| and pick ¢" be any extension of t"~! with [t"| = [,, so that
£ (gpe(s”))ln_l. Again this guarantees that any «, 8 extending s”, t" will have

lnfl
the property that ¢ («)|l, # t" = B|l,.

Case n = 2e + 1. We do the same thing with the roles of a and 3 exchanged so
that ¢*(5) # «, for any «, § extending s",t". O

tnfl

Here are some properties of the poset (D, <r).

e There is a smallest element which we denote by 0 and which consists of all
recursive oracles.

For every a, b there is a least upper bound a V b which we attain by picking
representatives «, § with [a]r = g, [8]r = b and setting

aVb=[n(a(n),B(n))].

e For every a there are only countably many b with b <7 a. To see this notice
that we have countably many reductions (e.g. (g.). in previous Theorem).

e As a consequence the set {b: b > a}, known as the cone above g, is un-
countable for every a.

e If (a,) is any sequence of Turing degrees then there is some a above all of
them. Simply let o, with [a,]r = g, and set @ = [a]r, where a((n,m)) =
ap(m).

e For every a there is a A C N so that a = [xalr.

This last property allows us to think of oracles as subsets of N, or equivalently,
points in the Cantor space 2Y. Given this we have a somewhat canonical Turing
degree above (: the degree corresponding to the set H C N coding the halting
problem

H(e) < 3nT(e,e,n).

The denote [yg] by 0’ and we call it the Turing jump of 0. In fact a — d’ is a well
defined operation uniformly on (D, <r).

14. REDUCTIONS AND TURING JUMP

Let A, B C N. We say that that A is reducible to B if there is a computable
and total map f: N — N so that

neA < f(n)€B.

In other words, f~1(B) = A, equivalently x4 = xg o f. We write A < B. Such
reductions are often called many to one reductions since we do not demand
injectivity of f. It is immediate that <pg refines < in that:

ASRB — ASTB
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The converse is false since, for example the complement H¢ C N of the halting
problem H does not reduce to H since this would make H¢ recursively enumerable
and this would imply that H is recursive.

Let C be a collection of subsets of N and B C N. Say that B is C-complete if:

(1) B €C;
(2) for every A € C we have that A <p B.

Theorem 25. For every a € NY and let RE(a) be the collection of all subsets of
N which are recursively enumerable with respect to . Then there is some RE()-
complete set.

Proof. Let T'(e,x,u) be the primitive recursive set from Theorem 20 with the prop-
erty that A is recursively enumerable in « if and only if there is e € N so that

reA = JT(e,z,a(l)),

and set
B = {{(m,n) | AT (m,n,a(l))}

If A € C then there is e4 so that A = {n | (ea,n) € B}, and therefore the map
n > {(e4,n) is the desired reduction. O

Definition 26. For every a we define the Turing jump ¢’ to be the degree [A]r
where A is any RE(«)-complete set, for some a € a.

Notice that:

e the definition does not depend on the choice of A since for every two RE(a)-
complete sets A, A" we have that A <z A" and A’ <r A;

e ¢/ is strictly above g since otherwise HS(n) = =31 T (n,n,@(l)) would be in
R(«) (since it is closed under complements) in particular, by the universality
of T there would be e so that H;(n) = 31T (e, n,@(l)) for all n. But forn =e
this gives a contradiction.

We have:

"<

a<d <d
Let [0 < 0'] stand for the subposet of (D, <7) consisting of all degrees which are
between 0 and 0. How complicated this is?
By a famous result there are incomparable Turing degrees [xalr, [x5]r so that
both sets A, B are recursively enumerable. In fact the unique countable atomless
Boolean algebra embeds in the r.e. part of this interval.
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15. THE ARITHMETIC HIERARCHY
Set
Recursively enumerable sets <= X}
co-Recursively enumerable sets <= I}

Recursive sets <= X{NI{ <= A!

Notice that the X class above is closed under 3-quantification, II is closed under
V-quantification and A is closed under complement. Next:

¥y = {3InP(z,n) | P € II}}
Iy ={P°| P €y}
Ay =I5 N %Y

Of course we can keep on going by setting:

20, = 3
0 0
Hn+1 = _'EnJrl
0 0 0
Ay =1L Ny

Remark. An easy induction shows that:

0 0 0 0 0
Hn U En g An—i—l = Hn+l N Zn—i—l?

(for the inductive step show separately that £9 C X2 | and IIY) C X9 ))
Before we connect this notions with the Turing degree complexity we point out
that definable relation from Section 1 check out to be the same as

Ut =Unm = Ual,

where the equality of these three follows from the previous remark. We will develop
this point of view in the next few weeks, replacing the word “definable ” from now
on with the standard term “arithmetic”.

Proposition 27. Here are some more properties:

(1) 30 is closed under A, V, bounded quantification, substitution by total recursive
functions, and by 3-quantification;

(2) 112 is closed under A, V, bounded quantification, substitution by total recursive
functions, and by V-quantification;,

(3) A% is closed under —A,V, bounded quantification, and substitution by total
recursive functions
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Proof. Run induction on n. For n = 1 we have established all these properties in
mathl17a. Assume we have these properties for n we show them for n + 1. In fact
it suffice to show (1) since the rest follow easily by it. This is easy. For example
assume that

Rl(ff) = ElnPl(n, j}), RQ(j) = ElmPg(m, ZZ‘)7

where Py, P, € IIY. Then by inductive assumption P(m,n,z) = Pi(n,Z)APy(m, ) €
IT) and therefore Ry A Ry € X9, since

(R1 A R2)(Z) = FwP((w)o, (w)1),Z)
The rest follow similarly and are left to the reader. O
Proposition 28. X0 and I1° have the enumeration property while A does not.

Proof. For ¥ and IIY use again induction. We know it for n = 1. Consider ¥ _,.
For every k we want to find

k1 0
W (e, 1,...,25) € X4y

that is universal for k-ary X0, relations. By inductive assumption find in II? is a
universal relation U2 (e, y, 21, ..., x;) for IIY relations and set

W (e, my,... 21) == U (e,y, 21, ..., 1)
Then W*! is clearly X0, and universal since if R € X0, | is k-ary then
R(Z) <= FQ(y,7) < FIyU"?(e,y,x1,...,71), for some e.
The A-case is an exercise. U

Corollary 29. (Ezercise) We have that:

30 and TI2 are not closed under complements;
Y0 is not closed under V-quantification;
1° in not closed under 3-quantification;

0 0 0 0 0 0 0
Hn U En g AnJrl? An+1 g 2n+17 a’nd AnJrl g HnJrl'

Example 30. Let {¢.} be an effective and acceptable enumeration of recursive
functions. Let C' = {e | ¢, is total}. What is the complexity of C?

By effectiveness we have that C' = {e | Vo Jy p(e,z) = y}. So it is at most I19.
Could it be below that? The answer is NO. It cannot be %9. In fact it is II13-complete.
To see this let A be an arbitrary IT5 subset of N and show that A <g C:

r€A < VyB(z,y) < Vyf(z,y) !

for some B € Y9 or equivalently for some partial recursive f. Therefore there exists
e so that
v €A = Vylple,z,y) L) <= Vy(p(S(e,x).y) 1)

As a consequence we have that z +— S(e, x) is a reduction from A to C.
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16. PosT’S THEOREM

Post’s theorem provides a bridge between the arithmetic hierarchy and the Turing
jump operation a — ¢’ when @ is of the form

0 = Q/“'/ n-many times

Theorem 31 (Post’s theorem). Let C, be any X2-complete set. We have that:
(1) R C NF is recursively enumerable in C,, if and only if R € X0 ;;
(2) R C N* is recursive in C,, if and only if R € A%, ,;

Proof. Part (2) follows from part (1) since R being recursive relative to some C' is
the same as both R and R® being recursively enumerable with respect to C.
Assume now that R € ¥V, then R(Z) = JyP(y,z) with P € II). But then
P¢ <p C,, where P°¢ is viewed as a subset of N via z — (z). But then P® <p C,
which implies P <¢ C,,.
Conversely if R is in RE(C,,) then let a be the characteristic function of C,, and
by Kleene’s normal form we have for some e and some primitive recursive 7' that:

R(z) <= 3mT(e,z,a(m)) < In(Seq(n)AVi < length(n)((n); = a(i)AT(e, Z,n)))

Notice that the part after 3 is just a conjunction of X2 and II2 and therefore it is

0 : 0
Y41 Since X, is closed under 3 we are done. U

Corollary 32. With the notation above we have [C]r = 0™,

Proof. For n = 1 it follows by definition of 0". Assume that [C,]; = 0™ and let
Cpt1 be a X2, -complete set. By Post’s theorem this is a complete RE(C),)-set and
therefore [C,,1]7 = [C,]% which by inductive hypothesis is (0™) = 0*+1). O

Structures and definability

The definitions we gave in Section 1 were specific for that very concrete context.
In this section we develop some basic first order logic in the right formalism and in
great generality. The reader should treat this section entirely independently form
Section 1 and avoid fusing the common mix the terminology.

17. SYNTAX OF FIRST ORDER LOGIC

We would like to have a general framework to deal with issues of definability and
provability which can for various mathematical structures and theories.
Examples. Here are some structures we would like to study.

e The usual arithmetic structure of natural numbers: N = (N, 0,5, +, *, <),
where S(n) =n+ 1.
e The structure of our favorite group G = (G, e, ).
e The structure of a linear or more generaly partial order P = (P, <).
A formal language consists of an alphabet together with a set of rules which
form the syntactically correct expressions. Our alphabet will always contain the
following logical symbols:
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e infinitely many variables: z; zo 3

e negation, conjunction, existential quantifier: = A 4
e cquality: =

e a comma and the two parenthesis symbols: , ()

The non-logical symbols specified each time by providing a collection:

L={R}ier | {fi}ies| Hertner

e cach R; is a relation symbol of some arity n; > 1;
e cach f; is a function symbol of some arity m; > 1;
e cach ¢ is a constant symbol.

Terms will be used to represent elements (points) in the structure. At this point
however they are just syntactical objects defined inductively:

e a single variable symbol or a single constant symbol is a term;
o if t1,...,t, are terms and f is m-ary function symbol then the expression
f(t1, ..., t,) is a term.

Formulas will be used in formulating statements between tuples of elements
in the structure. At this point however they are just syntactical objects defined
inductively:

o ifty,... t,,t,sareterms and R is n-ary function symbol then the expressions
R(ty,...,t,) and = (s,t) (which we will most often write as s = t) are both
formulas which are more specifically called atomic formulas;

e if , x are formulas and x some variable then the expressions =, (¢ A X),
and Jxp are formulas.

In what follows we are going to be using certain abbreviations. Here are some:

e We write (¢ V x) for the formula = (¢ A x)

e We write (¢ = x) for the formula (=¢ V x)

e We write (¢ < x) for the formula ((¢ = x) A (x = ¢))
e We write Vz;¢ for the formula —3-x;¢

Example. For arithmetic the language £ is L, = {0,S5,+,*, <}. Terms in-
clude 0, z;, z;, 5(0),5(5(0)), *(S(S5(0)), z1), etc. However we will introduce abbre-
viations/conventions:

e We write 1,2,3, ... for S(0),5(5(0)), S(S(5(0))), .. ;
e For expressions like *(x;,3) and *(z;,2) we simply write x; * 3 and x; + 2

An example of a formula in arithmetic is: V(0 < z = Jy(S(y) = z))

Definition 33. The scope of Jz;¢0 is ¢. An occurrence of a variable x; in the
formula y is is called bound if it occurs in a quantifier dx; or if it occurs in the
scope of some subformula Jz;p of x, (where what is a subformula is defined by
induction on the complexity of the formula x). A sentence is any formula ¢ which
has no free variables.
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We will be using the notation ¢(zy,...,x,) whenever the collection of all free
variables of ¢ is a subset (some times strict subset) of z1,. .., x,.

18. SEMANTICS OF FIRST ORDER LOGIC

Let £={R;}| {f;}L{ck} of arities n;, m;, and 0 respectively. A structure for
L is any tuple

A= (A7 {R;A}? {fJA}> {C;j}>7 where:

e A is a non-empty set;

e R is a subset of A™:;

o fA: A™ — Ais a function;
e ¢ is any point of A.

The moment we interpret our language £ by attaching it on A, terms, formulas,
and sentences inherit meaning.

A term t(z4, . .., x,), whose free variables are among x1, . .. z,, becomes a function
tA4: A" — A defined by induction in the obvious way (think of polynomials):

o if t(xy,...,2,) is zp then t*(ay, ..., a,) = ay (is the projection in the second
coordinate);
o if t(xy,...,x,) is ¢ then t*(ay, ..., a,) = c* is the constant map;
o t(z)is f(ti(Z),. .., tm(T)) then t4(a) = fAtNa),. .. tA(a)).
Given now a formula ¢(z1,...,z,) together with an assignment z; — a; € M we
define inductively what does it mean for ¢ to hold of A, a, notationally, A, a = ¢:

o If pis R(ty,...,tn) then A a = ¢ if and only if (t{(a),...,tA(a)) € R4,

o If ¢ is (t; = ty) then A,a = ¢ if and only if #1'(a) = t3'(a) as points in M;

e A a | —y if and only if it is not the case that A, a = ¢;

e A a = @A xif and only if both A,a = ¢ and A, a | x;

o if p is dx;x then A a | ¢ if and only if there is some b, € M so that
the assignment (z1,...,%i_1, T, Tit1, ... Tn) = (A1, .., Qi—1,b;, Qit1, ... Q)
we have that A, (ay,...,a;-1,b;, 011, ...0,) E X

We will use the alternative notation A |= ¢(a) for the statement A, a = ¢(Z).
For example in arithmetic N' = (N, 0, S, +, %, <) we know that

N E there infinitely many primes

N E Vz3y(z < y A Prime(y))
NEVIy(r <yANl<yAVzBw(wxz=y)= (z=1)V (2 =1y))))

Again in the language of arithmetic £, = {0, S, +, x, <} consider the usual struc-
ture N as well as the structure A = (R,0,e), 4, %, <). If o is VaVy(x + S(y) =
S(x +y)) then N = o while A £ 0, i.e., AE —o.
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Definition 34. Let A be a structure in £ and X be a collection of sentences in L.
We say that A is a model of the theory X, notationally A | 3, if for all o € X
we have A = 0.

Example. Consider the language £ = {e, x} where e is a constant and * is binary

function symbol and let X consist of the following sentences:

o VaVyVz(z* (yx2) = (z*xy) * 2)

o Vi(xxe=xNexx=ux)

o Vady(xrxy=eANy*xx=c¢)
Then every L-structure A with A = X, is a group and conversely if A is a group
with identity e# and multiplication given by ** then A = X. In other words ¥ is
the theory of groups.

Let X be a collection of sentences and o be some sentence. We say that 3 logically
implies o, and we write ¥ |= o, if for every structure A with A = X, we have that
A = 0. Notice that while this is a relation between syntactic objects (X and o) it
is defined by “reflecting” on the realm of structures. It is therefore a “semantic”
relation between ¥ and o. Later we will define a purely syntactic relation between
>) and o denoted by ¥ - . For example, if ¥ is the above theory of groups then:

YEVaVyIraxx =y

A tautology is any sentence o that is logically implied from 3 = (). Moreover, if
o, T are such, so that o < 7 is a tautology, then we say that o and 7 are logically
equivalent. Here are two examples of tautologies (where ¢y is a constant in L):

e =k, YaVy o(z,y) & VYV o(z,y).

Similarly we can say that a formula ¢(z1, ..., z,) is a tautology and that p(z1,...,x,),
(xq,...,x,) are logically equivalent if and only if V; - - - V¢ is a tautology and
Yy -V, (p < 1) is a tautology, respectively.

We can now show that every formula is logically equivalent to one that is of a
very specific form, known as prenex normal form. A formula y is quantifier free
if 3 does not appear in it (and therefore neither V := —3— appears in it). A formula
@ is in prenex normal form if it is of the form:

Qlyl s Qnyn X
where Q; € {3,V}, y; # y;, and x is quantifier free.
For example, the formula YV 3r3zo((R(xs, 22) A 21 = x4) V 2P (x5,24)) is in
prenex normal form, while Jz13xy((R(z3, 22) A 1 = z2) V Ve~ P(x5, x4)) is not.

Theorem 35. Fvery formula is logically equivalent to a formula that is in prenex
normal form.

Proof. We briefly sketch the idea behind the algorithm. Let ¢ be the formula under
consideration.

Step 1. List all subformulas of the form Qui(y,z) and replace y in Qy as
well as all free occurrences of y within ¢ (y, z) with an entirely new variable which
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doesn’t appear anywhere in ¢ or in any other application of Step 1 to some different
subformula.
Step 2. Apply the following operations inducting on the construction of ¢:

I — V-

VY — d
(1 AFhe) — F(h1 Ain)
(T Aapa)  — (Y1 Aiy)
(V1 AVYe) — V(Y1 Ato)
(Vo1 Adha)  — V(11 Ain)

Notice that each time this operation is applied it lifts the position of the associated
quantifier in the inductive construction of ¢ one layer above without introducing
new quantifiers (therefore successive application will eventually terminate).

]
Example.
(FzR(z,2) AN =32S5(z,w)) A JzP(z,u))
(F2'R(2',2) AN =32/ S(2,w)) A" P(2",u))
A" (I R(2', 2) A —32'S(Z',w)) A P(z",u))
2" (32’ R(a', 2) AVZ' ﬂS( "w)) A P2 u))
Ja (V2 (32’ R(2', 2) A 2 w))) A P(z", u))
2"V (3’ R(2', 2) A (z ,w)) A P(2",u))
3a"V2' (3 (R(x', 2) A =S(2',w)) A P(a”,u))
F2"V2'32' (R(2', 2) A =S(2',w)) A P(z",u))

If ¢ is in prenex normal form then we treat all consecutive existential quantifiers
as one block and all consecutlve universal quantifiers as one block. We say that ¢
is 4, if ¢ = ngl ) Elxk Va:l . .V:c,(fz) ...x with n many blocks of quantifiers.
Similarly if ¢ starts with W contains n-many blocks of quantifiers we say that ¢ is
V.. In the above example, the last formula is V3. More generally if ¢ is an arbitrary
formula then we say that ¢ is ¢ is 3, orp is V,, if it is logically equivalent to a
formula v which is in prenex normal form and it is 3, or V,,, respectively.

Finding the least n so that ¢ is either 4, or V,, gives as a handy measure of
complexity for the formula.

19. DEFINABILITY
Fix a language £ and an L-structure A = (A, {R7'}, {R4}, {¢'}).
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A subset P of A" is definable if there is a formula ¢(x1, ..., z,) so that
(a1,...,a,) € P <= AEy(ai,...,a,),

for all a € A”. We say that P is definable with parameters if there is a formula
o(z1, .., T,y Y1, .., yk) and a tuple (by,...,by) € A* so that

(a1,...,a,) € P <= AEp(ai,...,an,b1,...,bg),

for all @ € A™. Notice that if each b; in the parameters is definable, i.e., if {b;}
is definable then P is (simply) definable. A function f: A™ — A is definable, or
definable with parameters, if its graph is so.

Examples.

(1) If G = (G,e9,%9) is a group (see previous example) then one can define
inversion g — g~! by the formula p(z,y) := (x x y = ¢). The axioms of the
group imply that for every x there is a unique such y.

(2) Let £ =0 and let A = (A) be any L-structure. With a little bit of work one
can see that the only definable subsets of A are () and A. Similarly the only
definable with parameters subsets of A are the finite sets and the co-finite
sets.

(3) Consider the structure R = (R, 0%, 47, «7) to be the usual real numbers with
the usual operations. Notice that z < y is definable by 3z(z # 0Az+2% = y).
So order is definable. Similarly we can define the successor z — x + 1. It
is a theorem of model theory that A satisfies quantifier elimination, i.e., for
every formula ¢(Z) there is a quantifier free formula ¢ (z) defining the same
set of R™ as ¢. From that it follows that the only subsets of R definable
with parameters in A are the ones included in the Boolean algebra which
contains all intervals (a,b) with a,b € RU {400, —oco} and all finite sets. A
consequence of this is that we can find a “complete and recursive” collection
of sentences which axiomatize the theory of R.

Examples like A, R above are tame in that the definable sets in them are very
simple and we can understand the behavior of formulas via geometric means. The
situation with G (for certain groups) above and of A/ = (N, 0N, SN 4N &N <N) jg
very different. These are wild structure where “geometry” steps back and recursion
theory enters the picture. In the next few weeks we will study definability in N.
Something that may seem paradoxical is that while R contains N as a “substruc-
ture” (up to definitional expansion, see example (3) above), R is tame while N is
wild. However notice that by the quantifier elimination result mentioned above N is
not definable in R . Therefore we cannot explicitly or implicitly ask questions in R
about N. Moreover, notice how easier is to answer in R questions which are fairly
hard to be answered in N such as:

JryFz(xxyxz > 0A 2" +y" = 2"),

where 2" stands for z * - - - x 2 (n-many times) for any fixed n > 2.
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20. A COARSE STUDY OF DEFINABILITY IN ARITHMETIC

Consider the usual structure N' = (N, 0,5, +, *, <) of arithmetic (for simplicity
we write 0,5, ... for 0V, SV, ...) as well as the structure A, = (N, +) known as
Presburger arithmetic. In terms of the discussion in Section 19 N is on the wild
side while N, is on the tame side. Before we prove the former we elaborate a bit
on the later.

The usual way method for proving that a structure A is on the tame side goes
through quantifier elimination. That is, if one shows that every formula (Z) is
logically equivalent in A with some quantifier free formula y(Z) then the task of
understanding the definable sets is much easier (since quantifier free formulas are
“finitary statements.” Here logically equivalent with respect to A means that

AEVYr .. Vo, o) <= x(2).

so does NV, have quantifier elimination? Well first notice that 0, <, S are definable in
Ny s0 we can expand N, to the structure Nf. = (N, 0, S, +, <) without changing the
definable sets. Even in this definitional expansion ./\/p*; has no quantifier elimination
because on can show that for every k£ > 2 the formula

k—times
—~
op(x) = Fyly=z+...+x)

is not equivalent to a quantifier free formula. However that’s alll One can prove
that the structure V" = (N, 0, 5,4, <,2N,... kN, ...) has quantifier elimination.
From that it follows that the definable subsets of N in A }.* are precisely all sets A
which are eventually periodic (with possible period k& = 0),i.e., there is some [ > 0
and a k > 0 so that for n > [ we have that n € A if and only if n = [ +mk for some
m > 0. As a consequence, * is not definable in NV}* (and therefore neither in NV,,,)
since the set {n?: n € N} is not eventually periodic.

Exercise. Show that in N/ = (N, S, %), where * is the usual multiplication and
S is the successor, the usual addition operation + is definable.

The following theorem and its corollary illustrates the gap between tame and wild.
It also justifies as to why we called the collection of all sets in |, ¥ arithmetical.

Theorem 36 (Godel). Every (partial) recursive function is definable in N'. Every
recursively enumerable set is also definable in N .

Corollary 37. A set A C N is definable in N if and only if A €], X2

Proof of Corollary. One direction is by the above theorem. The other direction is
from prenex normal form and the fact that quantifier free formulas of arithmetic
define recursive (in fact primitive recursive) subsets of N* in . O

We proceed now to the proof of Theorem 36.
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Proof of Theorem 36. It suffice to show the first since every r.e. set is the domain
of some recursive f and the domain of f is always definable from the graph by the
formula p(z) = Jy f(z) = v.

This is done by induction. We show that simple maps are definable and that
the collection of definable functions is closed under composition, minimalization,
primitive recursion.

Simple maps. All proj’: N* = N,¢p: N — N, and S: N — N have definable
graphs given, respectively, by the formulas:

‘;0(371’~'-7$n7y) = Y=, gp(a?,y) = y:Oa 90<x7y) = y:S(Qf),

Composition. Let f(nq,...,ng) = h(g1(7), ..., gm(7)) and assume that ¥ (y1, . .., Ym, 2)
defines (the graph of) h and v;(z1,...,zk,y) defines the graph of g;, i = 1,...,m.
Then the definition of f is given by the following formula ¢(x1, ..., g, 2) =

Elyl...EIym(z/Jl(:cl,...,xk,yl) A AN (T, T Ym) /\w(yl,...,ym,z)).

Minimalization. Let f(ny,...,n;) = unlg(ni,...,ng,n) = 0] and assume that
g is defined by ¥(x1,...,x, x,y) then f is defined by p(z1,..., 2k, 2) =

Arp(xy, ..., T, 2, 0) A ‘v’:r;’((a:’ <z) = Fy(-(y=0) A(zy,. ..,z x’,y))).
Primitive Recursion. Assume now that f is the unique function given by

f0,n) =g(n), f(i+1,n)=h(f(in)in),
where ¢ is defined by ¥(z, ) and h is defined by x(z,w, Z,y). Then we have that f
is “defined” by p(w,z1, ..., 2, 2) =

(w=0AU(T,2))V

—
VGU>0AE%.”3M(wﬁJ@AxﬂmLfJﬁA.”Axﬂ%%ugih)AUw:z»),

where the i-th term in the above conjunction is just x(l;_1,1, z, ;).

Of course this is not an actual formula since the number of existential quantifiers
depends on w. What Godel did is to find a way to definably code any sequence
lo, - . . Ly, of natural numbers. We need a definable function 7(Z,7) so that

Vm > 0V, ..., L1 3 (v(1,7) = 1;, Vi < m)
We will actually find a definable function 5(a, b,7) so that
Vm < 0V 3a 3b (B(a,b,i) =1;,Vi < m)
So granted from the following lemmas such a function the proof is complete. O
Definition 38. By the Godel’s S-function we mean the map
B(a,b,i) = rmd(a, 1+ (i + 1)b),
i.e., the remainder of the division of 1 + (¢ + 1)b with a.
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First observe that ( is clearly definable by ¢(z,y,w, z) =
Jg(z = ¢+ (S(0) + (w+ 5(0)) xy) + 2 A 2 < (S(0) + (w + 5(0)) xy))
Lemma 39. Vi <0V ly,...,l,—; Ja 3b (B(a, b,i) =1;,Vi < m)
Proof. We will make use of the Chinese remainder theorem:

Claim (Chinese remainder theorem). If by, ..., b, _1 are pairwise relatively prime
then for every ly, ..., l,_1 with l[; < d; there is some | so that for all i < m we have

that l; = rmd(l, b;).

Proof of Claim. Consider the map r: N — N with r(n) = (ng,...,nn_1), where
n; = rmd(l,b;). Notice that there are at most b = by * ... % b,,_; possible r(n)’s. It
is enough to show that 7 is 1 —1 on {0,...,b — 1}. Otherwise there would be some
m < m/ < bwith r(m) =r(m’). So b;|(m’ —m) for all i. But since b;’s are relatively
prime we have that by * ... % b,,_1|m’ — m, a contradiction. U

We can now finish the proof of the lemma. We will set b = n! with n large enough
so that if we set b; = 14 (1 + )b for every i < m, we will have that:

(1) lz < bz for all ¢

(2) b; and b; are relatively prime when i # j.

The first task is clearly achievable by picking large n. For the second task notice
that if for some prime p we have that p|b; and p|b; , with ¢ < j say, then p|(j — 7).
Having picked n large enough implies that p|b and therefore combining this with the
assumption p|b; we get p|1, a contradiction. O

A finer study of definability and Hilbert’s 10th problem

This section is motivated by the following two problems.

Problem 1. We saw in previous section that a set A C N” is definable in N if
and only if it is arithmetical. However, both definable sets and arithmetical sets are
layered in natural hierarchies.

Definable: AY X0 119, Ay 29 115, . ...
Arithmetical: El(), Vg, 31, Vl, 32, \V/Q, e

By definition we have that 3y = V. Moreover, it is easy to see that for any A € 3,
there is a polynomial time algorithm which decides whether a given z € N” is in A.
As a consequence Ty is a strict subset of the collection AY, of all recursive sets.

It follows that for every n we have that 3, is a subset of X0 and that V,, is a subset
of TI2. Tt is not clear however whether these inclusions are strict. In particular, is it
the case that 3; = X9 or 3; C %07

Problem 2. In the proceedings of the Second International Congress in Paris
on August 8, 1900 Hilbert announced the 23 problems which, in his opinion, would
shape mathematics for the next century. The 10th problem in this list was the
following:

“Is there an algorithm that decides if any given Diophantine equation
F(Z) = 0 has an integer solution?”
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By a Diophantine equation we mean a polynomial F'(z1,...,x,) € Z[x1, ..., 2,]
with coefficients from Z. By an integer solution we mean a vector (ky,...,k,) € Z"
so that F(ky,..., k,) =0.

Both problems are addressed by Matiyasevich’s celebrated theorem:

Theorem 40 (Matiyasevich (1970)). Let A C N" is X9 then there exists a polyno-
mial F(x1,...,Zn, Y1, -, Ym) with integer coefficients so that for every a € N™:

(a1,...,ap,) €A <=  Jyp eN...Jyn, e NF(ay,..., 00, Y1, Ym)-

Of course notice that by we can always pass terms of F' having negative coefficients
on the other side so that F'(z,y) = 0 is equivalent with H(z,y) = G(z,y), and H,G
have coefficients from N.

Given Matiyasevich’s “representation” theorem we can solve both problems above.

Solution to Problem 1: 3; = X{. In fact notice that the above theorem says
something seemingly stronger, i.e., the quantifier free formula we are using in the
3y representation of A is just a polynomial no — is used (or A, V, but the later two
can be easily coded using polynomials). Therefore 3, = X and V,, = I1Y for all n.

Solution to Problem 2: No! First notice that having an algorithm determining
whether every diophantine equation has integer solutions is the same as having
an algorithm determining whether every diophantine equation has positive integer
solutions:

e F(x1,...,2,) = 0 has solutions in Z if and only if F'(xy,...,2,) = 0 has
solutions in N where

F/($17 <. ,Zlfn) = 1_[all combinations of + F(:l:xb sy i$n)
e F(x1,...,2,) = 0 has solutions in N if and only if F'(z,y,z,w) = 0 has
solutions in Z where
F'(Z,9,2,%) = F(xi +yf + 21 +wi,. .. 22 + 42 + 22 +w?)
For the later we use Lagrange theorem that every positive integer is the sum of four
squares. Let now A € ¢\ A{. Then by Matiyasevich’s theorem A is of the form
E|y15|ym F(ala---aanayl>"'7ym)a

and therefore, if there was an algorithm deciding when every Diophantine equation
has solutions in N, then we could use it to show that A is recursive, contradicting
that A ¢ AY.
Another interesting corollary of the above theorem is the following:

Corollary 41. If A C N s recursively enumerable then there exists a polynomial
F(z) € Z(z) so that:

A={F(@)|z1,...,2, >0} NN
In particular, various sets such as the collection of prime numbers are presicely the
positive range of the positive domain of some polynomial.

Proof. Exercise. O
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The proof of Matiyasevich theorem is long and it would take 2-3 weeks to give
complete details. Here we will provide just a sketch which illustrates the main ideas
and the various tricks involved in the proof.

21. REDUCTION TO EXPONENTIAL DIOPHANTINE

Definition 42. A set A C N” is Diophantine if there exists a polynomial F(z, )
with integer coeflicients so that for a € N™ we have that

acA << dyF(a,y =0
A partial map f: N* — N is Diophantine if its graph is, as a subset of N**!,

If Ais X9 then the partial map f whose domain is A and f(a) = 0 is recursive so
it will be enough to prove (sketch the proof) of the following theorem

Theorem 43 (Reformulation of Matiyasevich Theorem). FEvery partial recursive
function f: N* — N is Diophantine.

Let’s run the usual proof by induction on the complexity of the definition of f
to see what closure properties we need to establish for the class of all Diophantine
functions.

Step 1 ¢, proj’, S are all Diophantine by using a dummy variable:

2(y=0), Fz(y=ux), Jz(z+1-y=0),
Step 2 f(Z) = g(h1(Z), ..., hm(Z)), then f(Z) =y if and only if
7 (Ni<mhi(T) = yi N 9(y) =y)

Need. Closure under 3 and A.
Step 3 f(z) = pylg(z,y) = 0] then f(z) =y if and only if

9(Z,y) =0 A Vz <y Jw((9(z,2) = w) A (w > 0))

Need. w > 0 is Diophantine and closure under bounded quantifiers Vz < .
Step 4 f(0,z) = g(z) and f(i+ 1,z) = h(f(i,Z),4,Z) then f(i,z) =y iff

(i=0Ay=g(z))V

<i > 0AJa3b((g9(z) = B(a,b,0))A(y = Bla,b,i))AVj < ij+1 = h(S(a, b,j),j,f)))

Need. ( is Diophantine, and closure under V and under substitution by Diophan-
tine functions.

So the theorem will be proved once we prove (sketch the proof of) the following
lemma.

Lemma 44. The collection of Diophantine sets contains the relations x < y, t =y
mod z, and Gddel’s function [, and it is closed under V,A\,3,Vr < y and under
substitution by Diophantine maps.
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Proof. Everything is easy and it is left as an exercise except Vo < y which is hard
and which we are going to analyze in what follows.

For example notice that (IyF(z,y) = 0) vV (I2G(Z, Z) = 0) is simply equivalent to
EIQEIZ(F(E, y)xG(z,2) = O), and the product of two polynomials is a polynomial. [J

The next lemma shows that we can reduce the problem of showing that Vo < y is
Diophantine to the problem of showing that certain functions which are fusions of
“exponentiation” and n — n! are Diophantine. It will be convenient for purposes of
indexing to work with V(1 < 2 < y) rather than V2 < y. Since Diophantine sets
are closed under A this is not a simplification in substance.

Lemma 45. Let A be the set of all (xq,...,x,,t) € N"TL with the property that
VE(I<k<t) Iy, .. Ym f(@1,- 2, k01, Ym) =0,

for some polynomial f with integer coefficients. Then (z,t) € A if and only if, for
this (z,t), the following system has a solution for some value of Y, N, K, Y1,...,Y,,:
(1) N>cx* (zy % xx, xtxY)%;
(2) 1+ KN!=T1I!_, (1 + kN!);
(3) flxy, .., 2, K,Y1,...,Y,,) =0 mod (1+ KN!);
(4) i<y (Y; —j) =0 mod (1 4+ KN, andY <Y, forallie {1,...,m}.

Where ¢,d are some fized constants which depend only on f.

Proof. Recall Godel’s 8 map which was defined by the assignment (a,b,i) — (a
mod 1+ (7 + 1)b). Because of the bounds of the index k it would be good to work
with the map § which sends (a,b,i) to (¢ mod 1+ ib)

We first prove the variant of the Lemma where condition (4) is replaced with

(4) B(Yi, N k) <Y foreveryi € {1,...,m} and k € {1,...,t}.
The set A(z,t) =Vk(1 <k <t)3Jy f(z,k,y) =0 can be informally rewritten as:

t
(*) Hg(l) ﬂg(k‘) ag(t) /\ f(j, k’g(k)) =0
k=1

Of course this is not in Diophantine form because the number of quantifiers and the
number of conjunctions is not constant but depends on t. )
For each 7 with 1 <17 < m we will use the variable Y; and the S-map to code the

vector (yzm, . ,ygk), .. ,yft)) where

g(l):(y§1)"“,y§1)’.",yg))’ ’g(t):(yit)7_..,yi(t)’_,.,y7(£))

In particular, by a careful reading of the proof of Lemma 39 notice that if N >
max{t, yi(l), . ,yi(t)} then we can always find arbitrary large natural numbers to set
Y; equal to, so that yi(k) = 6(Y;, N!, k). In particular:

Y =y"® mod (14 kN!)

i
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and as a consequence for every k£ we have that:
(5) f@kYa, .. Y = f(& ko, . Y =0 mod (14 kN!)

This deals with the first problem, i.e., the unboundedly many 3 quantifiers. Next
we turn the AL_; into the single equation (3) where K is specified in (2).

Claim. If K is the unique natural number specified by (2) then for every k we have
K=k mod (1+kN!)

Proof of Claim. Notice that (1+KN!)—(1+kN!) =0 mod (1+kN!) holds. Since
both terms are multiples of (1 + £N!). This implies the claim. g

By equation (5) we now have that f(z, K,Y3,...,Y,,) =0 mod (1 + kN!), and
since (1 + kN!)’s are relatively prime we have that

fz,K,Yy,....Y,) =0 mod (1+ KN!)

So far we have shown that if (z,¢) € A, i.e., if there are gV . .. §® so that together
with Z they satisfy (x) then there are Y3,...,Y,,, K, N satisfying conditions (2) and
(3). We haven’t introduced Y yet but as long as it satisfies ¥ > max{ygk) | k <
t,7 < m} then (4’) clearly holds and (1) clearly works for any c, d as long as we pick
N large enough (this doesn’t affect the argument so far).

We need though (1), (4’) to be able to prove the converse. To see this, as-
sume that for some (z,t) there are Yi,...,Y,,, K, N satisfying (2) and (3). We
have f(z, K,Y) =0 mod (1 + KN!) and therefore f(z, K,Y) =0 mod (1 + kN!)
which implies f(z, k,ygk), o ,ygf)) =0 mod (1 + kN!) where y*) is defined to be

%

B(Yi, N\, k). But can we remove the mod(1 4+ kN!) part?

We would if f(z, k, yik), . ,y,(fnf)) was forced to be smaller than (1 + kN!). Since
f is a polynomial we can always find ¢, d so that

(@, kg™ < e(@ xt+Y),

and conditions (1) and (4") now guarantee the required.

Exercise. Show that (1),(2),(3),(4) hold for some Y, N, K, Y;,...,Y,, if and only
if (1),(2),(3),(4’) hold for some Y, N, K,Y1,...,Yn O

Notice that the conditions (1) and (3) are Diophantine. For (2) and (4) it suffices

to show that the maps z +— 2! and (r,z) + (7) for r > x are Diophantine. For
example notice that (4) can be rewritten as

Y- 1
yi
()

and a similar idea (but more complicated) reduces (2). It is time to use Matiyase-
vich’s Lemma whose proof we are going to discuss in the next section.

Lemma 46 (Matiyasevich’s Lemma). The map (z,y) — x¥ is Diophantine.

Having this we can prove the following lemma.
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Lemma 47. The maps x — z! and (r,x) — (T’) for r > x are Diophantine.
X
Proof. Notice that z! = lim, % since for fixed z and r > = we have that:

x

r* r ror T
:—:I"(— DRI )
(T) r! rr—1 r—x+1

x z!(r—x)!

So assuming we know how large r we have to pick then we can define x! = { (f)J ,

l=y <= y(l) grx<(y+1)<;).

So we have reduced the problem of showing that z — z! is Diophantine to the
problem of showing that (r,z) — (;) is Diophantine and the problem of finding
large enough r in a Diophantine way from x.

Exercise A. Show that choosing r = (22)**! + 1 solves the last problem, or
find some other Diophantine (modulo Matiyasevich’s Lemma) function of your own
preference for choosing such large r.

Exercise B. Show that (r,z) — (7), for r > , is Diophantine. O

T
T

that is

Notice that we have already proven that recursively enumerable sets are the same
as “exponential Diophantine.” This result is due to David-Putnam-Robinson.

In fact Julia Robinson proved that if any fixed Diophantine set A C N? has one
coordinate growing faster than any power of the other but slower than x* then all
r.e. sets are Diophantine.

22. EXPONENTIAL IS DIOPHANTINE

We want to prove Matiyasevich’s Lemma that the map (a,n) — a™ is Diophan-
tine. First we show that it suffice to find some Diophantine function that is “ap-
proximately exponential”

Lemma 48. Assume that we have some Diophantine map (a,n) — y(a,n) with the
property that for every a > 1 we have that

2a—1)" < yla,n+1) < (20)"
Then the map (a,n) — a™ is Diophantine.

Proof. Notice that for any N > 1 we have that
1 (2Na—1)" _ y(Na,n+1) (2Na)"

n(1— no__ =a"(1 — — -n
(1= ong) QN = y(Non+1) —(@N-1n ¢ (1-5%)
So, for very large N we have that:
N 1
g1 Yent )

y(N,n+1)
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So we want to be able to compute some lower bound for N, in a Diophantine way
from a,n, that makes the above inequalities work. Given that we have this lower
bound map (a,n) — N(a,n) we can define m = a™ if and only if N such that:
o (m—1)xy(m,n+1) <y(Na,n+1)and y(Na,n+1) < (m+1)*xy(m,n+1);
e a|m (because there may be two integers in the above interval);
e N> N(n,a).
To find N(n,a) just calculate for Which N we have a"(1 — 5%) " < a"+1 and for
which N we have a" —1 < a (1 N )" With some easy computations one can see

that setting N(n,a) = y(a + 1,7 + 2) makes things work. O
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Recall from previous time that in order to show that every R.E. set is Diophantine,
it suffice to show that the function (a,n) + a™ is Diophantine. In fact, by the last
lemma, it suffice to find some Diophantine map (a,n) — y(a,n) with the property
that for every a > 1 we have that

(2a —1)" <y(a,n+1) < (2a)"
A general Pell equation is an equation of the form:
2 —dy? =1

where d is a parameter and x,y are variables. This equation has always the trivial
solution (x,y) = (1,0). When d = [J, i.e., d = r? for some 7, then this is the only
solution since (x — ry)(x +ry) = 1 implies that x = 1. Whenever d # O then it has
a non-trivial solution but such solution is difficult to be found. In fact we know that
a certain weak-fragment of arithmetic known as Bounded Arithmetic cannot prove

Vd3zrdy(d #0 = (2* —dy’ = 1Az > 1))

This will not be a problem because we are going to work with a certain family of
d’s where it is easy to find non-trivial solutions. First we will establish some basic
results for the arbitrary d.

Notice that over the reals, the expression 22 —dy? factors to (z—V/dy)(z++/dy). It
will be convenient therefore to work in the integral domain Z[v/d]. If a = (z +/dy)
then @ = (z — v/dy) is known as the conjugate of . The norm ||| is simply the
number a@, so the Pell equation is simply collecting all a’s with ||«|| = 1.

Of course since we work with non-negative integer solutions z,y we always have
that « = = + \/c_iy > 1. The converse is also true:

Lemma 49. If a = 2+ Vdy > 1 with ||a|| = 1 then 1 <z and 0 < y.

Proof. Since aa = 1, we have that @ = a~!. Therefore 0 < o' < 1. The rest
follows from o+ & = 2z and o — & = 2v/dy. O

So the inequality 1 < « together with ||a|| = 1 implies that both z,y are non-
negative. Hence the collection of all such a with is discrete and linearly ordered.
So if there is a non-trivial solution represented then there is one represented by the
smallest possible such . We call such v the generator of solutions because as we
will see every positive integer solution will be represented by some power of ~.

Lemma 50. If ||a]| =1 and ||B]| = 1 then ||aB]| = 1. So the product of two reals
which represent a positive solution to the Pell equation also represents a positive
solution.

Proof. Check that a, 8 we have that a8 = aB. As a consequence we have that
laf|| = afaf = afaf = affa = aa =1
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Lemma 51. Assume that v is the generator of the solutions of x? — dy? = 1 (which
exists if and only if there is some non-trivial solution). Then every solution (z,y) €
N2 is represented by some 8 = x + V/dy with = ~" for some n.

Proof. By the previous lemma, since v represents a solution, every power 4" also
represents a solution.

Conversely, if [|8|| = 1 and 1 < 8 then there is some n with 4 < 8 < 4", So,
1 < By~™ < v. But the previous lemma we have that |[|Sy7"|| = ||5]| - |[|7]|" = 1.
Since v is the smallest non-trivial solution fy~" = 1 and therefore g = 7". O

For the general d it is difficult to locate the generator to the solutions of 22 —dy? =
1. We are going to work in the special case when d = a? — 1. The Pell equation

(%) 2’ —(a® = 1)y’ =1

has the non-trivial solution (a,1) which cannot be but the smallest such. As a
consequence v = a + va? — 1. We define now the maps (a,n) — z(a,n) and
(a,n) — y(a,n) where (z(a,n),y(a,n)) is the n-th solution to the Pell equation (x).
From the above discussion we have that:

z(n,a) +y(y,a)va® —1=(a+ Va2 —1)",

ie., (z(0,a),y(0,a)) = (1,0), (z(1,a),y(1,a)) = (a,1),... We claim that (a,n)
y(a,n) is the approximately exponential map we are looking for.

Lemma 52. For all n > 1 we have that (2a — 1)" < y(a,n + 1) < (2a)".
Proof. Denote y(a, n) by y,. Notice that y, satisfies the following recurrence relation:

Yn+2 = 20Ynt1 — Yn.

This is a simple calculation. Given this, a simple induction and the initial yo = 0,
Y1 = a, Y2 = 2a give the required. U

The last thing one needs to argue is that (a,n) — y(a,n) is Diophantine. We will
give not details about the proof except the following crucial observation:

Lemma 53. y(a,n) =n mod a — 1.

Proof. Since x(n,a) + y(y,a)vVa? —1 = (a + va*> — 1)" we have that
y(n a) _ Z an—z‘(a2 _ 1)(i—1)/2 (n>
’ 7
1=0,0dd
Notice now that all terms are zero except for when i = 1, for which we have that
na"'=...=na"*(a—1)+na"? =na" *(a—1)+na"*(a—1)+---+(a—1)+n,

which (mod a — 1) is n. O



COMPUTABILITY II & GODEL’S INCOMPLETENESS THEOREMS 37

As a consequence we can recover y(a,n) in a Diophantine way from (a,n) from
the perspective of the quotient (mod a — 1). To recover it completely one needs
to introduce more Diophantine restrictions. In particular one has the following
theorem.

Theorem 54. Let n > 1 and a > 2. Then the relation R(y,a,n) with y(a,n) =y
holds if and only if 3x AX Y A 372 IW such that

(1) 2>+ (@®>-1)y*=1,y=n moda+ 1,y >n;

(2) X2+ (A2—-1)Y?2=1,Y =n mod A +1;

(8) A=a mod Z;

(4) Y =y mod Z;

(5) Z* —W?*A%2—-1)=1;

(6) A=1 mod 2y;

(7) W =0 mod y*

Godel’s Incompleteness theorem

23. DEDUCTIVE FORMAL SYSTEMS

A deductive formal system D for a formal language on alphabet L consists of

(1) a collection of formulas called the axioms;
(2) a finite set of rules Dy, ..., D,, where each D; is a relation D;(¢1, ..., ¢n,, V)
between formulas, called rules of inference.
We say that ¢ is a direct consequence of @1, ..., ¢, via D; if D;(p1,...,¢n,, ). A
formal proof or deduction in D is a sequence @1, ..., v, so that each ; is either
an axiom of D or a direct consequence of earlier formulas in the list. A formal
theorem in D is any formula ¢ for which there exists a formal proof ¢1,..., ¢,
with ¢, = ¢. If ¢ is a formal theorem in D we write

Fp g

Similarly we have all the above notions relativised to any fixed collection of formulas.
In particular, if X is a collection of formulas then a formal proof from X is as before
but we moreover allow ¢; to be from . If ¢ is a theorem from X then we write

Zl_DQO
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Here are some immediate properties:

(1) f ¥ C ¥ and ¥ F ¢then ¥/ F ¢;
(2) If ¥ F ¢ then there exists some finite ¥y C ¥ so that g F ¢;
(3) if ¥’ F ¢ and for all » € ¥ we have ¥ F ¢, then X I ¢.

24. A DEDUCTIVE FORMAL SYSTEM FOR FIRST ORDER LOGIC

We now fixed a deductive system for first order logic. There are many other
equivalent ones but this one here has the advantage that there is a single deductive
rule: the modus ponens.

Recall the logical symbols for first order logic: = = (), V = z; x5 x3...

Notice that we use = instead of A but of course we in the standard interpretation
we intend = and A are definable from one another. If ¢ is a formula in £ and
Y1, Y2, - - -, Yn are any variables then the formula Vy; - - - Vy, ¢ is called a generaliza-
tion of ¢.

Axioms. The logical axioms that we are going to use for the deductive formal
system of first order logic are all possible generalizations of all formulas of the form:

(1) Propositional axioms.
(a) ¢ = (¢ = ¢);
b) (¢=W=x) = ((¢=1v)=(¢=x);
(c) (mo = —0) = ((~e =) = )
(2) Quantifier axioms.
(a) V(6 = ©) = (V26 = Vap)
(b) ¢ = Vzp
(c) Yz = ¢(t ~ x) where t is any term that is substitutable for x in o,
i.e., no variable z occurring in ¢ is in the scope of a quantifier Vz in ¢,
e.g., if o = Jy(x # y) and t = y then Ve & o(t ~ z);
(3) Equality axioms.
(a) z=z, (r=yANy=z2)=>x=2,x=y =Yy =u1;
(b) (y1 =21 A+ Ayn = 2z,) = (R(y) = R(Z)) where R is a relation in £;
(¢) (=2 N Ayn=2,) = f(y) = f(2) where f is a function in £;
(d) ¢ = c where ¢ is a constant in L.

Rules of inference. We have only one rule of inference. That is
(Modus Ponens:) D(p, o = 1,1)

It is easy to see that all logical axioms are tautologies and that for every L-
structure A and any tuple a of elements from A if A = p(a) and A E (¢ = ¢¥)(a)
then A = v(a). In other words, we have that for every formula ¢, if = ¢ then F .
Godels completeness theorem says that for complete enough deductive systems as
the one we fixed, we have that the other direction is also true.



COMPUTABILITY II & GODEL’S INCOMPLETENESS THEOREMS 39

Theorem 55 (Gddel’s completeness theorem). Let X be a collection of L-formulas
and let ¢ be any L-formula. We have that

YEe = ko
In particular, together with the above observation we have that 3 = ¢ <= 3+ .

A corollary of this and of the property (2) at the end of the previous subsection
is the compactness theorem.

Corollary 56. If X |= ¢ then there exists some finite X9 C ¥ so that ¥y = .

The proof of Theorem 55 is given in math 6¢ but I am going to outline the main
ideas of the proof here. First one shows that Theorem 55 follows from what is known
as second form of Godel’s completeness theorem.

Definition 57. Let X be a collection of L-formulas. We say that ¥ is inconsistent
if it proves some formula —p there ¢ is a tautology. Otherwise we say that X is
consistent.

For example ¥ is inconsistent if it proves (z = z A ~x = z). In fact it is an
exercise to prove that if ¥ is inconsistent then it proves every formula 1. Notice
now that if for some L-structure A we have that A |= ¥ then, by the definition of
a tautology and the symbol =, we have that ¥ is consistent. The second form of
Godel’s completeness theorem says that the opposite is also true.

Theorem 58 (Godel’s completeness theorem 2nd form). Let ¥ be a collection of
L-formulas. If ¥ is consistent then there exists some L-structure A with A = 3.

To see that the second Theorem implies the first let > and ¢ as in the first and
assume that 3 = p. We will show that ¥ - ¢. Notice first that ¥ | ¢ implies
that ¥ U {—¢} has no model. By the second incompleteness theorem we have that
Y U {—p} is inconsistent, i.e., ¥ U {-p} F -z = x. We will now show that this
implies that ¥ - =¢p = -2z =2. But ¥ F -9 = 2z = 2 by axiom (1)(a) and
(3)(a). Therefore, by axiom (1)(c) we have that X F ¢.

Lemma 59 (Deduction Lemma). If ¥ U{¢y} F x, then X+ ¢ = .

Proof. This is an induction on the length of the proof ¢4, ..., ¢, of x out of LU{¢} I

X-
It is left as an exercise.

O

As a consequence Theorem 58 implies Theorem 55. We can now sketch the proof
of the later.

Proof of Theorem 58. Let ¥ be a consistent collection of L-formulas. We have to
construct somehow an L-structure A with A = 3. Since the only material we have
is syntactic the structure A will be constructed by syntactic material. This is done
in steps which I will describe but not prove.
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Step 1. One has to show that any consistent ¥ can be extended to a ' that is
complete, in that for every ¢, either ¢ € ¥ or —¢ € ¥. So we can assume from now
on that X is complete.

Step 2. Then one adds witnesses to existential formulas. For every sentence o
of the form Jzp(x) so that ¥ - o, we add a new constant ¢, in the language and
extend £ and ¥ to L1, X1 with

LT ={c,: 0 =Fzp(x),X F o},
YT ={¢(c,): 0 =Tzp(z), S F o}

We repeat this step countably many times defining £ = (£,,_1)" and 3" = (X,,_1)"
and take £ and > be the union.

Step 3. The domain of A is defined to be the quotient of the set of all terms in
L containing no free variables, via the equivalence relation

t~s < YFt=s
By axioms (3)(a) we have that ~ is indeed an equivalence relation. We define R4
by
([ta],- -, [ta]) € R* <= B°F R(ty,...,t,)

By axioms (3)(b), (3)(c), (3)(d) this is well defined.

Step 4. By consistency of X it follows that A is indeed an £ structure and that
A | Y. Forgetting all interpretation of symbols in £\ £ we get the reduct A[L

which is an L-structure satisfying 3.
O
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25. COORDINATIZATION AND GODEL-TARSKI INCOMPLETENESS

Draw Sent explain ¥ =0 and ¥ F o

Fix Ly explain tautologies from the point of view of |= and .

Fix A/ and draw Th(N).

Weak form of Godel incompleteness (Godel-Tarski): If ¥ is “recursive” subset of
Th(N) then there is 0 € Th(N) with ¥ I/ o

As in the first section we want to turn various meta-mathematical statements of
arithmetic into statements about numbers. To do that we are going to “coordinatize”
the formal language of arithmetic. In fact, instead of restricting our attention to
Ly = 10,5, +,*, <} we will show how to “coordinatize” the arbitrary countable
formal language just in case we want to add more symbols later which do not appear
in Ly.

Let £ = {Ry,Ro, ...} U{f1, fo,...} U{c1,¢2,...} be a countable language. Let
also =, =V, (, ), Comma, =, 1, x9, z3, - - - be the logical symbols for first order logic.

Coding pure symbols. If a is any of the above symbols which is not a variable
or a constant we assign to it its Godel number (a) which is going to be equal to
(0,n) for some n (we pre-fix some informal correspondence n < a). For example let

<_'> = <070>7 <:>> = <0> 1> i ><:> = <076>7
(Ry) = (0,6 + (2n — 1))
(fn) = (0,6 4 2n)

Coding terms. Let (z,,) := (1,2n—1), (c,) := (1,2n), and the rest of the terms
defined inductively by

<f(t17 cee ’tm)> = <1a <f>7 <t1>7 SRR <tm>>

Coding formulas. Similarly by induction:
(R(t1, ... tm)) = (2,(R), (t1), ..., {tm))
{t =s):=(2,(=),{t),(s))

Coding sequences of formulas. If ¢, ..., ¢, is a sequence of formulas then

(0,5 n) = ((¢0), - (Pn))
Having coordinatized all these expressions we can now collect the sets

VAR(n) <= n is the Godel number of a variable;

TERM(n) <= n is the Godel number of a term;

FORM(n) <= n is the Godel number of a formula;

SENT(n) <= n is the Gédel number of a sentence;

LogicAX(n) <= n is the Gédel number of a logic axiom;
ModusPO(k,l,m) <= FORM(k) A FORM(l) A FORM(m)A(the formula
coded by m is the result of modus ponens from the formulas coded by k,1);
PROOF(n) <= n is the Gédel number of a proof.
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These sets depend on the particular language we fixed, however they are always
primitive recursive sets and therefore definable in A. For example:
PROOF(n) <= Seq(n) A (Vi < length(n)FORM((n);))A
AVi < length(n)(LogicAX((n);) V 3j, k < i ModusPO((n);, (n)k, (n);)).
Definition 60. Let ® be a collection of formulas. We say that ® is recursive if
(@) :={(p) : p € D}
is recursive as a subset of N.

Given any set ® of formulas one defines PROOFg(n) to be the collection of all
numbers which code sequences of proofs from ®. If ® is recursive then, as above,
PROOFg4(n) is recursive.

Definition 61. A theory is a collection T' of sentences which is closed under im-
plication, i.e., if T'F o then ¢ € T. A theory T is recursively axiomatizable if
there is a recursive set of sentences ¥ so that 7' = Conseq(X), where

Conseq(X) = {o: o is a sentence with ¥ o}

A collection of sentences Y is complete if for every o we have that ¥ - o or X F —o.

Corollary 62. If ¥ is a recursive set of formulas then (Conseq(X)) is recursively
enumerable. If ¥ is moreover complete then (Conseq(X)) is recursive.

Proof.
n € (Conseq(X)) <= SENT(n) A 3m (PROOFg(m) A (m)iength(m)—1 = 1),

which is an R.E. definition. For the second part of the statement we can assume
that X is consistent because otherwise (Conseq(X)) is just SENT. But then

n € (Conseq(X)) <= SENT(n) A =Im (PROOFg(m) A (Mm)iength(m)—1 = 9(n)),
where g(n) is the Gddel code of the negation of the sentence coded by n. U

Theorem 63 (Godel incompleteness theorem (weak form)). If ¥ is a recursive
collection of sentences with N' = X then ¥ is not complete.

Proof. If 3 is complete and ¥ C Th(N) then Conseq(X) = Th(N). So if ¥ is
recursive then (Th(N)) = {(¢) : N E o} is R.E. and therefore arithmetical (i.e.,
definable in A). But by Tarksi’s theorem this is not possible. O

Theorem 64 (Tarski). (Th(N)) = {(0) : N |= 0} is not arithmetical.

Proof. Notice that there is no binary relation U which is arithmetical and universal
for arithmetical subsets of N (since arithmetical sets are closed under complements
and primitive recursive substitution). But then if (Th(A\)) is arithmetical, i.e., if
there is a formula 1 with

n € (ThN)) <= N = 4(n),
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we can let U(m,n) <= “m codes a formula of the form ¢(z1) and Th(N) = ¢(n).”
It is clearly universal but also arithmetical since the partial map g: Nx N — N with
({¢(x1)),n) — (p(n)) is recursive and therefore arithmetical. d

The subset (Th(N)) of N is therefore not in X0 for any any n. What is its
complexity? Recall that for every n we have a 3%-complete set C,, C N. Consider
the set

C=®,C, :={{n,m): me C,}.
It turns out that [C]r = [(Th(N))]r and this Turing degree is denoted by 0“.
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26. REPRESENTABILITY

The weak form of Godel’s incompleteness was “centered” around Th(N): part of
the assumption was that ¥ C Th(N). The original theorem of Godel is stronger
in that it replaces this assumption with a weaker one. For that, we will need to
abandon the notion of “definability”, based on semantic notion N' | ¢(a), for a
syntactic notion which we will call representability.

We fix some £ O {0,S}. This way, in every L-structure we have the term

n—times

——N—
n=5(5(---(5(0)---),

for every n > 0. Let @ be any fixed collection of sentences. A set R C N" is called
representable in @ if there is a formula p(zq,...,x,) in £ so that

(ki,...,ky) € R = QF @(ky,... kn), and

(ki,... ko) € RE = QF —p(ky, ..., kn).

A partial function f: N® — N is called representable in () if there is a formula
o(x1, ..., oy, x) so that

QI—V:cl...Vansz(go(xl,...,xn,y)A(p(xl,...,a:n,z) :>y:z), and
[k, ... k) =1 = QF ki, ... kn, 1), forall ky,... k,,l €N

Theorem 65. Let £L O {0,S} and let Q be any collection of sentences so that
every recursive relation and function are Q-representable. Then (Conseq(Q)) is not
Q-representable.

Proof. Same proof as Tarski’s theorem. O

Question. How large does ) have to be so that all recursive relations and
functions are (Q-representable?

The following system due to Robinson is large enough. Notice moreover that it is
finite and it does not contain any instance of an induction axiom (except perhaps
the definition of +, %, and <).

Robinson System (). It consists of the following axioms in £ = {0, S, +, *, <}:

1) Va(S(z) # 0);
Vx(x #0= Jy(S(y) = :E)),
VaVy(S(z) = S(y) = = =y);

< is a linear ordering;

NN AN AN AN AN N
O ~J O U i W I
— N N
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Exercise 66 (Wrong exercise need to assume slightly stronger axioms). Let A =
(A, 04, 84, +A %A <A) be any structure with A countable and which satisfies the
axiom system Qu. Consider the “non-standard part” of A:

Q={a€ A: foralln >0 we have that A |=n < a}.

When A is the standard model of arithmetic N, then Q = (). However, not every
structure satisfying Qo has this property. Prove that:

(1) the domain A of A is the union of Q and of the set {04, 14,24, .. .};

(2) if Q # 0, then the ordering <* restricted on Q, i.e. (Q,<* [Q x Q), is
isomorphic to “(Q, <)-many copies of (Z,<).” By (Q,<)-many copies of
(Z, <) we mean the ordering defined on Q X Z by

(p,a) < (¢,0) <= (p<q)V(p=q) Aa<b)

where (Q, <) is the usual ordering on the rationals and (Z,<) is the usual
ordering on the integers. (Hint: By a theorem of Cantor (Q, <) is the unique
countable linear ordering that is dense and has no endpoints).

Theorem 67. Fuvery recursive function and relation are representable in Qg.

As usual it is enough to show that all (partial) recursive functions are Qo-representable.
We will show actually that all min-recursive functions are (Qp-representable which is
equivalent by HW. First we isolate in the next lemma some easy facts.

Lemma 68. For every fired m,n,p € N we have that:
(1) QoFYVz(zr<n+l=2=0Vz=1V---Vn);
(2) if m+n=p then Qo - m+n = p;

(8) if msn=pthen QoFms*n=p;
(4) ifm#n then Qo+ -m=n;
(5) if m < n then QpFm < n.

Proof. We could of course produce an entirely syntactic proof of these facts based on
the axioms of the fixed deductive system, the axioms in (Jo and the definition of .
However, completeness theorem Theorem 55) allows us to argue semantically. One
needs to show that for every structure A = (A, 04, SA, +4, 4, <A) with A = Qo we
have that A |= o, where o is any of the statements (1)-(5). Checking that something
holds for all A with A = @ is often a hard task, but for simple statements like
(1)-(5) things follow easily directly from the definition of |=.

(1) is proved by induction on n using axioms (5),(6) of Q. (2) is proved by
induction on n using axiom (7) of Q. (3) is proved by induction on n using axiom
(8) of Qp. (4) is proved by induction on n using axioms (1),(2),(3) of Qo. (5) is
proved by induction on n using axiom (6) of Q.

For example let’s do (4).

Base case (n = 0): if m # 0, then m = S(m —1). But then every A which
satisfies Qo(1) is bound to satisfy m* # 04. So, by Gédel’s completeness (Theorem
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55), if m # 0 then
Qo F~(m=0)

Inductive step (n =k + 1): if m = 0 then argue as in the base case. Otherwise
m=1+1. Son = S(k) and m = S(l), and since n # m we have k # [ as well.
But then by inductive hypothesis Qo F —=(I = k) and therefore by Qy(3) we have
Qo b ~(m = n). O

We can now proceed to the proof of Theorem 67.

Proof of Theorem 67. By HW it is enough to show that every min-recursive partial
function is representable. So we need to confirm that cg, proj;, +,*, x— are rep-
resentable and that representable maps are closed under composition and under
minimalization.

o is representable. Let ¢(z,y) =y = 0. Then by completeness theorem

Qo - VaVyVz(p(z,y) A p(z,2) =y = 2),

since in every L-structure A in which A = ¢(z,y) and A = p(z,2),1e, AEy=0
and A = z = 0, we have that A = y = z (because of the way we have tuned by
definition constants and equality with [=).

Similarly if for some k,I € N we have c¢o(k) = [, then | = 0 and therefore Qg
o(k,l), i.e., Qo - 0 =0, that is Qo = 0 = 0, by the last logical axiom in our fixed
deduction system (or using completeness again).

Representable functions are closed under p. Assume that we have a function
g(ni,...,ng,m) =1 from N*! to N that is Q-representable by ¢, (7, vy, z). Consider
the formula

(p(j:7y) = (909(‘%7:%0) AVw < Y 3z (Z # 0A 309<'f7w72)))

We claim that ¢(Z,y) Qo-represents f(ny,...,ng) = pm[g(ny,...,ng,m) =0]. If in
some L-structure A with A = @y we had that A = ¢(a,b) and A = ¢(a,c), for
some a,b,c € A, then by axiom (y(4) we have b < ¢ of ¢ < b but then by formula
¢ they cannot be but equal, so

Qo F ‘V’EVsz(go(j,y) No(Z,z) =y = z)
If now f(nq,...,n;) =m then g(ny,...,ng,m) =0 but
gny,...,ng,0) =1y, g(ng, ..., 1) =1, ..., 9(ng, ... ng,m — 1) =1y,

with lo, ..., 0,1 # 0. But then by Qg-representability of g and (1) of the previous
Lemma we have that Qo = o(n1, ..., ng, m). O

27. GODEL’S INCOMPLETENESS THEOREM

A careful reading of what we have done so far shows that we have already proved
the existential (i.e. non-constructive) strong version of Godel’s incompleteness
theorem:
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Theorem 69 (Godel’s 1st incompleteness theorem). Let () be a recursive set of
axioms in the language of arithmetic so that Qo C Q. If A is consistent then @ is
incomplete (i.e. there is some sentence o so that neither Q &= o nor Q + —o) and
undecidable (i.e. Conseq(Q) is not recursive)

This follows directly from Theorem 65, Corollary 62 and Theorem 67. To see
this, first notice that by Corollary 62, if Q was complete then Conseq(Q)) would
be recursive. So it suffice to show that Conseq(Q)) is not recursive. But if it was
recursive then by Theorem 67 it would be representable contradicting Theorem 65.
However, our task here is to produce an explicit statement o out of () that neither
o nor —o are provable by .

Before we do that we will state and prove the following useful corollary:

Corollary 70. If T is recursively axiomatizable and consistent theory which is “at
least as strong as Qo” then T is undecidable (i.e., not recursive) and incomplete.

Notice that we have not specified anything about the language in which we for-
mulated the theory T'. Indeed this theorem is flexible from this point of view. We
need to define what “at least as strong” means and show how to deduce the corollary
from Theorem 69

Let £*, L be two languages and let 7" be an L-theory. By an interpretation
L~ (L, T) of L* into (L£,T) we mean

(1) an £ formula 7y (x) so that T' = Jemy (z);

(2) assignments R(z) — wr(z), f(z) — 7¢(Z,y), ¢ — 7m.(z) from the rela-
tion,function, and constant symbols of £* to L-formulas such that:
(a) T VT (ru(z1) A ... Amy(z,) = Ay (tu(y) A (T, y)) for every f;
(b) T |= amy(x) A m.(z) for every constant c.

Given an interpretation £* ~ (£,T) of L* into (£,T) we have an assignment
A — A* from L-structures A which satisfy the theory T', to L*-structures A*: given
A as above we construct A* as follows

e the domain A* of A" is {a € A: A |=my(a)}.
e the interpretations of R, F),c’s of L* are given by the 7wy, mp, w.’s

Example. Let £* = {0,S,+,*,<} be the language of arithmetic and let £ =
{+,*}. If T = Th((Z,+*,+%), then we have the interpretation £* ~ (£,T) given
by

Ty (7) = I, IzoTzs Ty (23 + 25 + 23 + 275 = 7)
T (21, 22) = (21 # x2) A Jx(my(z) Ax + 2+ 1 = x9)
(T, 22,y) =i+ 22 =y, T(T1,22,y) =Tk =Yy, mo(r) =T +T =1
Given any interpretation £* ~ (£,T’) we can a complete one-way dictionary from

L*-formulas ¢ to L-formulas ¢,: the atomic L*-formulas are assigned to the obvious
L-formulas, e.g., ¢ = R(f(z),c) is translated to

or = JyIz(mp(x,y) A Am(2) ARy, 2)).
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Inductively then we proceed by setting
(2@)r = 20r, (= )r =0 = Un,  (Fp)r = F2(70(2) A ).

By a simple induction we then have that if A* is the canonical L*-structure con-
structed by A under £L* ~ (£, T) then for every L*-formula ¢ and any a in A* we
have that:

A" Ep(a) <= A= ¢x(a)

Definition 71. Let ) be a collection of sentences in £* and let 7" be a theory in £
By an interpretation () ~ T of () into 7" we mean an interpretation £L* ~ (£, 7)),
under which 7' = o, for all o € Q.

Definition 72. A theory T"in L is at least as strong as () in 7' if and only if there
exists an interpretation @ ~™ T of @ into T so that the assignment (o) — (0,) is
recursive.

Notice that in order to check that (o) — (o) is recursive it will suffice to check
that R, F,c +— mg, 7, T, is recursive which is automatically satisfied, for example,
when L£* is finite.

We can now prove Corollary 70 from Theorem 69.

Proof of Corollary 70. 1t suffice to show that T is undecidable. This will imply
by Corollary 62 that it is also incomplete. Assume that T was decidable and let
Q = {0 | o, € T}. Notice that since T is decidable so is @ (since (o) — (o) is
recursive) and since T is consistent so is (). But @ also contains @y, contradicting
Theorem 69. U

In what follows we assume throughout that £ 2 {0,1} and @ is a set of sentences
which represents all recursive relations/functions (e.g. Qo C Q).

Lemma 73 (Godel’s fixed point lemma). For every L-formula p(x) there is a sen-
tence o so that

Qo < ¢((0))
Proof. Consider the map

(p(n)) if m = (p(2));
0 otherwise.

Subs(m, n) {

It is easy to see that it is recursive and therefore we can find a formula x(z,y, 2)
which represents the graph of Subs. Let 1(z) = Vz(x(z,2,2) = ¢(z)) and set
k = (¢(x)). We claim that the required sentence is o = 1(k). What is the code for
o? (o) = (Y(k)) = Subs(k, k). So Q F ¢({0)) is simply Q - ¢(Subs(k, k)). But

Q' o(Subs(k,k)) <= Vz(x(k,k 2) = ¢(2))

where the last expression is o. Il
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Assume now moreover that @) is recursive. Then Proofg(n,p) <= “n codes a
sentence o, p codes a proof of o from ()7 is recursive and therefore ()y-representable
by a formula, say Proofg(z,y). Consider the formula

Prvblg(z) = JyProofy(z, y),
and let og be the Godel sentence for its negation, i.e.,

QFos < _'PI'Vle(<O'Q>>.

Think of o¢ as the statement “I am not provable.”
Here is the original theorem due to Godel which assumes something more than
consistency, that is, w-consistency, and we are going to define it during the proof:

Theorem 74. We have that:

(1) If Q is consistent then Q t/ 0¢;
(2) If Q is w-consistent then Q tf —og;

Proof. For (1): assume that ) - 0g. This by definition means that there is p € N
so that Proofg({og),p). By representability of Proofy we have

Q - Proofg({og),p), and therefore @ F Prvblg({og)), i.e., Q F —og,

which contradicts consistency. Notice that having a witness p with respect to which
something is provable implies that “there exists some p” so that this thing is prov-
able. This just follows from the axioms of the deduction system we have.

For (2): assume that Q) - —og and we will try discover what assumption (which

we will call w-consistency) we need to add in order to get a contradiction. But
Q) - —og implies that @ F Prvblg((og)) i.e.,

(6) Q = JyProofq((q). v)
Assume now that from this this assumption implied that
(7) there is some p € N so that Q) - Proofg({og),p)

By representability this means that p codes an actual proof of o from () which we
can now write it down and follow it ourselves in order to prove that @ - og.

Of course if we had N |= in the place of @ F, (6) and (7) would be equivalent.
However the axioms in ) may force all the L-structures which satisfy ) to have
non-standard elements y (above all n) which satisfy some formulas which are not
satisfied by any n...

w-comnsistency: (@ is w-consistent if for all p(x), whenever @ F Jyp(y) then there
exists some p € N so that ¢(p) is not refutable, i.e., @ I/ —p(p). Of course, if ¢(y)
represents some total relation such as Prvblg then by definition of representability
we have that Q F ¢(p). O

Godel wanted to get rid of this additional assumption. Rosser found a way to do
it. For every () as above consider the formula

¢(x) = Vy(Proofg(z,y) = Jy' <y Proofy(z,y')),
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where Proof(n,p) C N? holds if and only if p codes a proof for the negation of the
sentence that is the code of n. The Rosser sentence for () is the fixed point pg
of the formula ¢(z).

Theorem 75 (Rosser). If Q) is consistent then neither Q & pg nor Q = —pg;
Proof. Suppose that @) = pg. Then
Q F Vy(Proofo((pe),y) = Fy' <y Proofy({pa).y'))-

But since by assumption @ - pg, we can find some p so that Q = Proofq({pq),p),
and therefore, combining this with the previous statement

QF 3y" < p Proof;({pa). v).

By a lemma we proved, )y and therefore () proves that everything that is < than
some p is of the form r (for some r < p). So

(8) Q = Proofg({pq),0) V Proof,({pg),1) V ...V Proof5({pq),p)-

But from the other hand, by consistency we have that Q I/ =pg. So
Q I/ Proof5((pg),0), ..., Q i Proofg({pq). p)-

So by representability of Proof, we have that
Q = =Proof5({pg),0), . ..,Q F =Proof({pq),p), and therefore

QF —|(Proof5(<pQ>,Q) V...V Proof&((p@,]_o)),

a contradiction with (8).
The second part of the statement we leave it as an exercise. U

This constructive proof (produces the witness 0g/pg to incompletenss) of the
strong form of Godel’s incompleteness theorem gives us access to the second Godel’s
incompleteness theorem:

Theorem 76 (Second Godel’s incompleteness theorem). Let () as a recursive set
of sentences with Qo C @ and set 1. = Jx(x # ). Consider the sentence

CONg = —3yProofn((L),y).
If Q is w-consistent (or Q=Peano arithmetic) and Q) is consistent then Q) t/ CONg,.

Proof. The actual proof is a bit technical although not difficult, see Boolos. Here
we just give the main idea.

One of the things we proved in Theorem 74 is that if ) is consistent then @)
does not prove og. Now because og was produced in a constructive fashion by
a specific formula, one can go and rewrite formally down the proof of Theorem 74
step by step and turn it into a theorem about @ itself! In other words, one can show
that

Qr CONQ = ﬁPI‘Vbl((O’Q»
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But since o is a fixed point for =Prvbl(z) we also have that
Qo9 < —Prvbl((og)).

Hence we have that
QF CONQ = 0Q

But then if Q = CONg this would give ) F og which is in contradiction with
Theorem 74. U

28. UNDECIDABLE PROBLEMS IN PEANO ARITHMETIC

We showed that Robinson arithmetic () is strong enough to produce the necessary
self-referential statements which show that it is incomplete. However, it is not
difficult to spot sentences which are neither provable nor disprovable from @Qy. In
fact Qg cannot even prove whether that + is commutative. Of course the point of
Theorem 69 is that any attempt to “complete” @)y by adding a recursive collection
of axioms () O )y on top will still be incomplete.

A theory of arithmetic that is strong enough to usually be able to prove most of
the things one needs is the extension of () known as Peano arithmetic PA. For
that one further includes in PA all sentences of the form:

w((mm AV=(p(E,m) = 9(E 1+ 1)) = V() z>)

Of course PA is still incomplete but finding explicit statements which unlike(?)
00, po have mathematical (rather than meta-mathematical) content is hard.
Usual Ramsey statement: for every a,b,r € N there is ¢ € N so that

¢ — (b);
Stronger Ramsey statement: for every a,b,r € N there is ¢ € N so that

c—="(b)s

.
That is not only the monochromatic set A will satisfy |A| > a but moreover the
larger it is the further away away it has to start, i.e., |A| > min A.

These can be turned into statements in the language of arithmetic. While the
usual Ramsey statement is provable in PA the stronger one is not:

Theorem 77 (Paris-Harrington).
PA/Va,b,r 3c (c =* (b)?).

Interestingly this has a fairly easy proof once we assume ZFC and we are able to
rely on the existence of infinite sets.

Goodstein sequences. Take any number n, express it in sum of powers of k
then express the exponents in powers of k£, and the exponents of the exponents...
For example when n = 266 and k = 2:

0
22(22 +29)

266 = 256 + 8 +2 = 25 + 23 4 2! = 492+ 0



52 ARISTOTELIS PANAGIOTOPOULOS

A Goodstein sequence starts with any number n then writes it in pure base 2 ex-
pansion as above. Then replaces all 2s with 3s and subtracts 1 at the end from the
total expression. The result is the next term of the sequence... n = G1(n), Ga(n), ...
For example n = 19:
0
19 =22 +2% +2°
337 | 930 | 90 330 | 30 13
G5(19) =3" +37 43 —-1=3" +3° ~ 10
0
G3(19) =4 4% — 1~ 10", G4(19) ~ 102, G5(19) ~ 10°0%°, .

Theorem 78 (Goodstein). For every n there exists k so that Gg(n) = 0.

Theorem 79 (Paris-Kirby).
PAWYVn 3k Gg(n) =0

Few words about ordinal &

29. UNDECIDABLE THEORIES

We are going to present a technique due to Mostowski-Robinson-Tarski for show-
ing that various mathematical theories are undecidable. Using this technique we
are going to show that the theory of rings, groups, and graphs is undecidable. This
technique uses in an essential way the fact that there is a finitely axiomatizable
theory in the language of arithmetic (namely Qo) which satisfies Theorem 69 and
therefore Corollary 70.

Definition 80. Let A be an L-structure in some language £. We say that A
is strongly undecidable if any theory T (i.e., any set of L-sentences with T =
Conseq(T")) with A = T is undecidable.

This in particular means that both extreme cases, i.e., the theory Th(A) of A as
well as the collection of all tautologies Taut(£) in £ is undecidable.

Example: think expansions of Taut(Laithm) towards N vs towards the one point
structure in the language of arithmetic.

Theorem 81. The structure N of arithmetic is strongly undecidable.

Proof. Let T be a theory with N' = T and assume towards contradiction that it is
decidable. Let 7" = {o: (QoUT) F o¢}. Then this would also be decidable since by
the deduction lemma (Lemma 59) and the finiteness of Qg we have that:

ceT = QDo = TH-NQ =0 < (Q=0)€T,

and since (o) — ((Qo = o)) is recursive. But this contradicts Theorem 69 since 7"
contains (). O
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Definition 82. Let A be some L 4-structure and let B be some Lp-structure. We
say that A is definable in B if

(1) A is a subset of B that is definable, possibly with parameters, in B, i.e.,
there is some formula p(z,x1,...,2x) and by, ..., by € B so that

A={be B: BEp(b,by,...,b)};

(2) each R is similarly definable, possibly with parameters, in B;
(3) the graph of each f+ is similarly definable, possibly with parameters, in B.

Theorem 83. Let A be some L 4-structure that is definable in some Lpg-structure
B. If A is strongly undecidable and L 4 is finite then so is B.

Proof. First we show that we can assume without loss of generality that we can
reduce the problem to the same problem but with A being definable without pa-
rameters in some new B,.

Notice that since L4 is finite, we can find a finite subset P of B so that all
parameters necessary for the definitions of A, R4s, f“s are included in P. Let
Ly = LsU{c: b € P} be a new language containing a constant ¢, for every b € P.
Consider also the Lj-structure B, to be B with ¢, being interpreted in B, as the
corresponding b € P.

Claim. If B, is strongly undecidable then so is B.

To see this let T be a theory in Lg with B |= T and consider the Lj-theory T,
with

T.={o.:TkFo} =

={p(chy, - ) p(x1,...,x1) is a formula in Lg, T F o(cp, ..., cp,)}
T, is a theory in L with B, |= T, and therefore 7, is undecidable (by assumption
of the claim). But notice that since the axioms in 7" do not contain any of the ¢,
constants any proof of ¢(cp,, ..., ¢, ) from T introduces ¢,’s at some point via the
Deduction system axiom (2)(c). If instead of introducing ¢, there we introduced
some free variable and kept the proof the same we would prove ¢(x1,...,z) from
T. In other words,

O(pyy.ooyen) €T <= TF@(Chy,....e,) = TrEoplr,... o <

< THEVry.. Vo, o(xy,...,01) < Vip(x)eT

But then, since (¢(¢)) — (VZp(Z)) is computable, if T" was computable so would T,
be. Contradiction.

So we can assume without the loss of generality that ¢’s where already in Lz, i.e.,
A was definable in B without parameters. But then this definition of A in B gives
an interpretation £4 ~™ (Lg, Th(B)) under which

AEo < BEo,.

For example we can set 7y (z) to be the formula given by (1) of Definition 82.
Notice then that since A is non-empty we have that Jzmy(z) € Th(B) and therefore
Th(B) = Jxmy(z) (recall definition of interpretation)
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Given now any Lg-theory Tz with B |= T we can form T4 = {o: 0, € Ts}.
Check: T, is a theory with A |= T4 and that if T was decidable then so would
TA be. Ul

Remark. In Definition 82 we were too restrictive when we demanded that in
order for A to be definable in B the domain A of A should be an actual subset of
the domain B of B. From now on we will say that A is definable in B when A
is isomorphic to some structure A’ which is definable in B, in the strict sense of
definition 82.

Example. (Z,0,1,+,x) is strongly undecidable since (N,0,1,+,x*) is trivially
definable in it. As a consequence the theory of rings and the theory of integral
domains is undecidable. What about fields? Maybe the extra restrictions would
make the theory of fields decidable....

Theorem 84 (Robinson (her PhD thesis!)). (Z,0, 1,4+, *) is definable in (Q, 0, 1, +, )
and therefore (Q,0, 1,4, %) is strongly undecidable. As a consequence the theory of
fields is undecidable.

Sketch of proof. The proof uses the theory of quadratic forms in order to define Z
as a subset of Q. Consider the relation

R(a,b,k) = 323y32(2 + abr? + b2 = v + ay?).
Notice that R(a,b, k) holds in Q if and only if R(a,b, —k) holds. Think of a,b as

parameters. Robinson shows that Z is the only “inductive” set with respect to all
possible parameters. That is, the following formula defines Z:

keZ <« vaVbKR(a,b,O)Avn(R(a,b,n) = R(a, b,n+1))) = R(a,b, k;)]

g

Theorem 85. There exists a strongly undecidable group (G,-,1) and therefore the
theory of groups is undecidable.

Proof. Let GG be the group of all permutations of the countable set Z under compo-
sition. We will show that (Z, 0,1, +, ) is definable (with parameters) in (G, -, e).

Consider the permutation o: Z — Z with o(k) = k+1 and let consider the subset
Z = {o' | i € Z} of G. This will be the domain of the definition of Z in G. We
claim that Z = {7 € G | 70 = o7} and therefore Z is definable in G (using the
parameter o). To see this first notice that indeed, every element in Z commutes
with 0. Conversely, if 70 = o7, then 70° = o'r. Evaluating at & = 0 we have that
7(i) =i + 7(0). Setting therefore i = 7(0) we get that 7 = o7.

Since 0,1 are definable by the constant e and the parameter ¢ in G, and since +
is definable simply by - in G we are left to show that multiplication of Z is definable
in G. We show instead that division is definable in G and then multiplication will
easily follow.
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Claim. i|j if and only if o’ # e for every 7 € G we have that:
o't =10" = o1 =T10’.

The = direction is clear. For the other direction notice first that we can assume
that ¢ # 0 because then if i = 0 and j # 0 we can easily cook up some 7 which does
not commute with o7.

So assume that i # 0 and 0’7 = 70 = 0’7 = 707 holds for all 7 and test
this on the unique 7 with 7(k) = k + ¢ if i|k and 7(k) = k otherwise. Notice that 7
commutes with ¢! so by assumption, 0’7 = 707. So we have

(k) +j = (k+J)

But then notice that if i fj we can plug i for k above and get 7(i) + j = 7(i + j),
ie., 2i+ 7 =1+ j, that is i = 0, a contradiction.
So we have that (Z,0, 1,4, |) is definable in G. The rest follows from the exercise:
Exercise. Show that * is definable in (Z,0,1,+,|). Hint: Notice that it suffice
to show that k — k? is definable since (i + j)* = % + 2ij + j°. O

Next we show that the theory of graphs is undecidable by producing a strongly
undecidable graph. By a graph we mean any structure G = (G, RY) where RY is
any symmetric, anti-reflexive relation.

Claim 1. There is a strongly undecidable structure A = (A,S) where S is a
quaternary relation.

Proof. Let A=7 and S = {(0,k,l,k+1) | k,l € A}U{(L,k,l,kx]) | k,lec A}. O

Claim 2. There is a strongly undecidable structure B = (B,T) where T is a
binary relation.

Proof. Let B = AU A% U {00} and consider the relation T defined to be the union
of the sets

{((a,0).(c,d)) | S(a,b,c,d)},
{(a,(a,b)) | a,b € A} U{((a,b),b) | a,b € A}, and

{(c0,a) | a € A}y U{((a,b),00) | a,b € A}.

We can now define A in B since A is definable in B by the formula T'(co, ) and S
is definable by

S(z,y,z,w) < x,y,z,w € AN EIpEIq(S(p, o0) A S(gq,00)A

NS (2, p) NS(p,y) AS(z,q) A S(q,w) AS(p, Q))

Theorem 86. There is a strongly undecidable graph G = (G, R).
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Proof. Let B = (B,T) be strongly undecidable with 7" binary. For every b € B
introduce three vertexes by, by, b3 and let

G = {bl,bg,bg ’ be B}U {S,t}.

R consists of all pairs of the form: (b1, by), (ba,b1), (b3, b2), (ba,b3), (s,b1), (b, s),
(t,ba), (ba,t), as well as all (by,b}), (b5,b1) whenever T'(b,b').
Notice that B is definable in G (send b — by) by the formula R(s,z). Similarly T
is definable...
U
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