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Chapter 1

Introduction

First let me try to state in clear terms exactly what [Godel] proved, since some
of us may have sort of a fuzzy idea of his proof [of Second Incompleteness

Theorem/, or have heard it from someone with a fuzzy idea of the proof ...

Charles Kendrick

Looking for a (IAg 4+ Exp)-derivable II;-formula which is not provable in
IAy, Paris and Wilkie wrote in [11], 1981: “Presumably /A t# CFCon(IA)
although we do not know this at present” in which CFCon is “Cut-Free Con-

sistency”.

A more general problem was mentioned later in 1985 by Pudlak, as he puts
in [12]: “we know only that 7't/ HCon(T) for T containing at least IAyg+ Exp,

for weaker theories it is an open problem”.
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If the theory under consideration, let us call it 7', is too weak, then HCon/(T)
is just a complicated formula, meaningless in 7', i.e. T" can not show its (even

elementary) properties, c.f. [4].

But for the IA, case, things are different: in [6] the authors have developed
coding of sets and sequences in IA, and have formalized syntatical concepts
like terms, proof, etc such that Ay can prove some of their primitive properties,
see also [17]. It follows that A can recognize Herbrand Consistency (HCon)

so a question like “TAg " HCon(IA,)” could be of interest.

Adamowicz showed IAy+ Q¥ HCon(IAp+ €;) in an unpublished paper
(a preprint, [3]) and later showed [Ag + Qo ¥ HCon(IAy + €Q3) with two

different methods, one with Zbierski (see [1] and [2].)

Paris and Wilkie’s conjecture has been proved by Willard, who has shown
in [20] that Tableaux Consistency of 1A, is not provable in IAg. In an earlier
paper [19], Willard showed that the Second Incompleteness Theorem for an
axiom system Q+V, where V is a fixed II; sentence. Willard pointed out also
in [19] that this generalization of the Second Incompleteness Theorem holds
for all finite extensions of Q+V and very broad classes of infinite extensions
of it, as well. IAy + V turns out to fall into the last category and has the
property that V is a theorem of IAy. This means that IAy+ V is an alternate
axiomatization of 1A (this point is not stated in [19] explicitly). The sentence

V' there has a complicated structure.
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In this thesis we show a (kind of) weak ¥;-completeness of Herbrand Con-
sistency of (certain) weak arithmetics. As easy corollaries, these theorems
imply Godel’s Second Incompleteness Theorem for Herbrand Consistency of
those arithmetics. In particular it is shown that 1Ay does not prove Her-
brand Consistency of an axiomatization of IAy. Our results for Cut-Free
Herbrand Consistency are roughly analogous to Willard’s theorem from [20]
about IAy’s cut-free Incompleteness properties, except that one aspect of our
formalism requires a certain re-axiomization of 14, called later I:AO. Our re-
axiomatization of 1A is simpler than Willard’s /Ay + V' from [19]. Our work
was done subsequent to [19], but it was done in parallel (and independently)
of the additional theorems now appearing in Willard’s second and more recent

paper [20].

Overall, our results answer the problem mentioned by Pudlak for some the-
ories T'. For (some) other theories, it is answered by Adamowicz and Zbierski

[1], Adamowicz [2], [3], and Willard [18], [19], [20].

In Chapter 2 we introduce the basic definitions which will be used through-
out. They are formalized afterward and two important examples illustrate the
ideas and their motivations. Importance of the first example is that Adamow-
icz and Zbierski’s question 2 in [1] can be answered by it, and the second

example illustrates a useful technique used in Chapter 4.

In the third Chapter a weak form of formalized ;-completeness theorem is
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proved for Herbrand Consistency (of an axiomatization) of 1A, by which the
theorem Ay t/ HCon(IAy), where A is a certain axiomatization of Ay,

can be shown.

In Chapter 4' we show T't/ HCon(T) with the usual axiomatization of T'
where the theory T is properly between 1Ay and 1A+ (denoted by IAy+£2

introduced in Chapter 2.)

And finally in Chapter 5, relations of our definitions are compared with
earlier notions introduced by Adamowicz. And Adamowicz’s model-theoretic
proof of IAg + Qo I/ HCon(IAy + 2) in [2] is generalized for 1Ay + O

(according to our definitions) as well.
So, summing up, we show:

Chapter 3, A, does not prove Herbrand Consistency of a certain axioma-

tization of IA,.

2 of arithmetic” it is

Chapter 4, Insisting on having “usual axiomatization
shown that Ay + €2, a proper subtheory of 1A+ €2, does not prove its

own Herbrand Consistency.

1One of the ideas of this chapter (constructing a model by closing the set S? under the

Skolem functions of o) was also obtained independently by Adamowicz.

2Usual Axiomatization of arithmetic (in the literature) is taken to be the axioms of PA~
or @ plus the induction axioms (in the case of bounded arithmetic, induction axioms for

bounded formulae are taken.)
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Chapter 5, IAj + ©; does not prove its own Herbrand Consistency (again
its usual axiomatization is taken.) Here a different proof (originated by

Adamowicz for IAg+ €, which is not based on diagonalization) is given.

A part of this thesis was presented as a talk in Logic Colloquium 2001,

Vienna ([14]) also in the Student Session of ESSLLI 2001, Helsinki ([13]).

Key Words: Bounded Induction, Skolem Functions, Herbrand’s Theorem,

Godel’s Second Incompleteness Theorem.

2000 Mathematics Subject Classification: Primary 03F30, 03F25;

Secondary 03F07, 03F20, 03F40, 03H15



Chapter 2

Basic Definitions and

Formalizations

Although [Godel’s Second Incompleteness] theorem can be stated and proved
in a rigorously mathematical way, what it seems to say is that rational

thought can never penetrate to the final ultimate truth - --

Rucker, Infinity and the Mind

2.1 Basic Definitions

Consider a formula € in the prenex normal form

Vai3yr Ve, 3ymb(c, yr, - Ty YUm)
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0.

rJdm?

and denote its Skolem functions by f¢,--- so its Skolemized form by

definition is

v-7;1 e 'meg(xla ff(ml)7 Ty Ty fgz(l‘l’ to ,l’m))

For a sequence of terms o = (t1,--- ,t,,), the Skolem instance Sk(0,0) is

g(tla ff(tl)a U 7tm7fgz<t1= s 7tm))'

Herbrands’s Theorem states that a theory is consistent if and only if every
finite set of its Skolem instances is propositionally satisfiable (see e.g. [9] and

[21], also [5] is a good source for proof-theoretical view of this theorem.)

Let A be a set of Skolem terms of a theory T (i.e. constructed from the Skolem
function symbols of T ) available Skolem instances of ¢ in A are Sk(f,0)
for all sequence of terms o = (ty,--- ,t,) such that both {¢i,---,t,} and
{f0(ty), -, f2(t1, ..., tm)} are subsets of A.

Any function, p, whose domain is a set of atomic formulae and its range
is {0,1} is called an evaluation, if it preserves the equality (for all a,b and
atomic formulae ¢, pla = b] = 1 implies p[p(a)] = plp(b)]) and satisfies the
equality axioms (pla = a] = 1 for all a.) For a set of terms A, an evaluation
on A is an evaluation whose domain is the set of all atomic formulae with
terms from A (i.e. the variables are substituted by the terms from A.) An

evaluation p satisfies an atomic formula ¢ if p[¢] = 1. This definition can be
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extended to all open (quantifier-less) formulae in a unique way.

In this thesis, we will consider only evaluations which are defined on (the

set of atomic formulae constructed from) a given set of terms.

Evaluation p on A is an T-evaluation for a theory T, if it satisfies all the

available Skolem instances of T in A.

When A is the set of all Skolem terms of T', any T-evaluation on A determines

a Herbrand model of T" (see [9].)
The following Example illustrates the above definitions.

Example 1. Take the language £, = {F,G, R, S,c} in which F,G are
2-ary predicates, R, S are l-ary predicates and c is a constant symbol. Let F

be the theory axiomatized by
E1.Va3y(F(x,y))
E2.Vx3y(G(z,y))
E3.Vz,y(F(x,y) — R(x) vV S(y))
E4.Vz(G(z,y) — —S(x)).

Fix Skolem function symbol f for E1 and g for E2. So their Skolemized

forms are:
EV . NzF(z, f(z))

E2. VY2G(x,g(x))
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For Ay = {f(c), 9(f(c)), f(g(c))}, the formulae G(f(c), g(f(¢))) and F(f(c), g(f(¢))) —
R(f(c)) vV S(g(f(c))) are available Skolem instances of E2 and E3 in A; but

F(e, f(e)) and F(f(c), f(f(c))) are not.

The evaluation ¢ on A; defined by its true formulae: {¢ | ¢[¢] = 1} =

{G(f(c),9(f(c)))} is an E-evaluation, while r defined by its true formulae
{¢ | rlg] =1} ={F(f(c), f(g(c)))} is not.

Let ¢ = VzR(x). We present a Herbrand proof of E F ¢:

Without loss of generality we can assume c is the Skolem constant symbol
for —¢p = Jz—R(x), so its Skolemized form is = R(c). We shall find a set of

terms such that there is no (£ + —¢p)-evaluation on it.

Set A = {c, f(¢), g(f(e))}. If p is an (E + —p)-evaluation on A then
p[=R(c)] = 1; on the other hand p[F(c, f(c))] = 1 by EY, so p[R(c)VS(f(c))] =
1 by B3, also plG(f(c), g(f(c)))] = 1 by B2 and so p[~S(f(c))] = 1 by FA,
hence p[R(c)] = 1 since we had p[R(c) V S(f(c))] = 1; and this is a contradic-

tion. So there is no (E + —p)-evaluation on A. A

Toward formalizing the definition of Herbrand Consistency, we read the

above Herbrand’s Theorem as:

“A theory T is consistent if and only if for every finite set of Skolem terms

of T', say A, there is an T-evaluation on A.”
So Herbrand Consistency of a theory T can be defined as:

“For every set of Skolem terms of T', there is an T-evaluation on it.”
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Herbrand’s Theorem is provable in 1Ay + SupFExp, and it is known that
Herbrand consistency is not equivalent to the standard, say Hilbert’s, consis-
tency in IAg + Exp (see [6], [12].) The theory 1A, was introduced in [10], a

weak arithmetic in which exponential function is not total, see also [17].

We take the language of arithmetic £ = {0, 5, +, ., <} in which the opera-
tions “S” (successor) “+ "7 (addition) and “-” (multiplication) are regarded
as predicates. For example “x +y = 2”7 is a 3-ary predicate, and the tradi-
tional statements should be re-read in this language by using the predicates
{S,+,-}; as an example Va,y,2(x + (y + 2) = (¢ + y) + 2) can be read as

Vr,y,z,u,v,w(“y+z=0"AN“c+v=w"AN“c+y=u" — “‘ut+z=w").

So we may need some extra universal quantifiers (and variables) to repre-
sent the arithmetical formulae in this language, but for simplicity, and when

there is no confusion, we will use the old notation.
Let us look at a more arithmetical example:

Example 2. This example illustrates a theory (called C') and a V;-theorem of
it (called 1) such that there exists an C-evaluation which is not n-evaluation.
An equivalent of 7 (called 1) has the property that “every C-evaluation is an
n'-evaluation as well”. The formula n’ is obtained from 7 by conditioning its
open part: if i has the form n = VZa(T) with open «, then " is VT, y(ﬁ(f, y) —
a(f)) for open 3. The condition 3(Z, %) proposes the existence of some terms

which are needed to prove C' 7. See lemma 4.2.3 in Chapter 4 too.

Let C be the theory in the language of arithmetic axiomatized by:
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Cl.Va,yly=S(x) »z <yA-y=ux)

C2.Vz,y,z,u,v(z <yAz+zrz=uAz+y=v—u<v)
[thatis (x <y —z2z4+2<2+47y)]

C3.Vr,y,z,u,v(z <yAz-z=ulz-y=v—u<v)
[thatis (x <y—z-x<z-y)]
Ci.Vr,y,z(z=x+y -y < 2)

[ that is (y <z +y) |

Ch.Vr,ye <yANy<zx—x=y)

C6. Vr,y,z,u,v(~z =y Au=SE)ANv=Sy) u<yVo <z
[thatis (v #y — 2+ 1<yVy+1<x)]
CT.Vx,y,z,u,v(lu=z+xANv=z+yAu=v—x=y)
[thatis (z+z=24+y—2x=1y)]
C8.Vx,y,z,u,v(v=SY)ANz=x-yAu=x-v—2z+y=u)
[thatis (z-y+y=2-S(y)) ]

Co. Vr,y,z(x <yANy<z—oz<z)

C10. Vz3y(y = S(z)) A Va,y3z(z =z +y)

Let n be the uniqueness statement in the division theorem:

Va,y, Yy ur, ug, v1, vo, wi, we(y = SY)Awr =Y cun ANwy =y cug A =
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W+ Av SYANT =wy+ v Avg <Y — U = Us)

[thatis (z = (y+1)-us +viAvy S yAx = (y+1)-ug+vaAveg <y — uy = uy)|
It can be shown that C' 7.
Let A ={a,b,V,q1,q2,71,72,11,t2} be a set of terms, and define ¢ on A by

{¢]qlgl =1} ={ =5(0b),t =V -q,ta =V -q,a =t +1r1,71 < ba=

t2+r27r2 §b7b§b,7rl SbIJTQ S b/7T1 §a7T2 Savtl SaatQ Sa}

Then ¢ is a C-evaluation which does not satisfy the (available) Skolem

instance Sk(n, o) for o = (a,b,V, q1, q2,71, 72,11, t2) (in A.)
If we write the uniqueness statement of the division theorem in the form:

77/ = vx?!/ay/aulau%vla'l]?awlaw27u,1aul27w,17w/2([u/1 = S(ul) A u/2 = S(UZ) A
wp =y up ANwy =y w] ANy = Sy)Aw =y Ay =y up A =

w v AV SYAT =we + v ANvg <Yy — Uy = Uy)
(the statements in brackets [ | are added to the ones in 7)

then for any set of terms I' and any C-evaluation p on it, p satisfies all the

available Skolem instances of ' in I'":

Assume p satisfies O’ = S(b)At; = b -1 A\ty =0 -goNa = t1+1r1Ar; < bAa =
to+ro ATy <ODAL <V AG = S(q1)ANgy = S(ga) Nty = b -qy Nty = b - ¢, then we

show p[g1 = q2] = 1, otherwise by C6 either p[¢} < g2] =1 or pl¢h < 1] = 1.

Assume plg; < ¢2] = 1, then by C'1 we have p[b < V'] =1 so by C9, we get

plr1 < V'] =1, and since p[t} = t; + V'] = 1 by C8, hence pla < t]] = 1; on the
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other hand p[t] < t3] =1 by C3, so pla < t3] =1 by C9. Also p[ta < a] =1
by C4, so pla = t{] = 1 by C5, hence p[r; = b'] = 1 by C7, and this is

contradiction by C'1, since p[b/ < b] = 0.

Similarly pl¢h < ¢1] = 1 is impossible, so plg1 = 2] = 1. A

2.2 Model-Theoretic Observations

Let T = {T\,--- ,T,} be a finite arithmetical theory. We can assume {f;/ | 1 <
i,7 <n & k <n}is the set of its Skolem function symbols, in which f,ij is the
i-th k-ary Skoelm function symbol for T;. For example if T} is Va3y3zA(z, y, 2)

then its Skolemized is YA(z, f}” (z), f7(z)).
For a set of terms A, set
A° = A, and inductively

A““:A“U{fli’j(al,--- vap) | 4,5, eN&1<ij<n&k<n&ay, - ,q¢€

A,
that is we close the set A under the Skolem functions.
Assume p is an evaluation on A’ for a j > N.

Let K = J,en A"
Define the equivalence relation ~ on K’ by

T~y = plr=y] =1,
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and denote its equivalence classes by [a] = {b | a ~ b}.
Let K = {[a] | a € K'}. Put the L-structure on K by
K = o([a1],- -, [ai]) iff “plo(ay,---,a;)] =17 for atomic ¢ (and [ < 3.)
This is well-defined and the above equivalence holds for open ¢ as well.

(¥) Moreover if p is an T-evaluation, then K | T. This is called “a

Herbrand model of 7" (see [9].)
Write T; as T = Vo13y1 - - V2, 3Ym@(21, Y1 - - -, T, Ym) With open ¢,

and take arbitrary ay,--- ,an, € K’, then fi7(ay), -, fL(ay,... am) €

Kla S0 p[(b(alafll’j(al)f" 7amvfr}ij(a17"‘7am))] =1L
Hence K = ([, [fi7 (an)], -+, lam], [f3 (a1, am)]) or K = T5.

But the converse of the above implication (x) does not hold necessarily,
there might be a complicated (non-open) formula ¢, such that K |= ¢, but p

does not satisfy all the available Skoelm instances of ¢ in K’.
However for V3-formulae, a partial converse holds:

For a moment assume the statement “x € A/” and “p is an evaluation on
N7 (as well as “p[A] = 1”7 for open A) can be written by some arithmetical
formulae (later we will see that they can be written by bounded formula in

IA.)

Lemma 2.2.1 SUppOS@ 0 = vxla e 7377‘33/17 e aysA<x17 Ty Y1, 73/8);

with open A and T & 6, for a theory T in the language of arithmetic. Then



CHAPTER 2. BASIC DEFINITIONS AND FORMALIZATIONS 15

there is a natural ng € N such that for any M =T, with p,j, A € M in which

3 >M N, and p is an evaluation on AV in M, the following holds:

vxh”' y Ly EAElyh » Y2 EAnO M ): “p[A(mlv”' s Lpy Y1, 00 7y5)] =17.

(c.f. lemma 2.8 of [1].)
Proof. Assume not. Then for every n € N, the following theory

Y, =T+j >n+ +“is an evaluation onA’” ay,--- ,a, € A+ Yyi,--- ,ys €

An“p[A(al, e ey Y1, 73/5)] — 0777

in which j,p, A a; -+ ,a, are regarded as new constants, is consistent.

Take a M = U, ey Yn, then pM M AM ¢ M with jM >M N, and M |=

M jM77

“pM is an evaluation on(AM)

Let K' =] . (AM)", and K = {[a] | a € K'},

neN

where [a] ={b€e K' | M E “pM[a=b] =1"}.

We know that K =T, s0 K = 6. Hence K = A([a}'],-- -, [aM],y1, -+, ys),
for some y,--- ,ys € K.

Write y; = [Vi],- -+, ys = [Y5], for a natural k& with Y;,--- Y, € A*. Then
M = “plA(a},--- ,a™ Yy, -+ ,Y,)] = 17, but this is contradiction, since we

had M |EVzy, -,z € AFp[A(aM, -+ aM 2, ,2,)]=0".0

) r o9

This lemma will be used in Chapter 4.

All atomic formulae in our language are of the form z; = xq, 5 = S(z1),
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r1+ X9 = x3, T1 - T9 = x3 and x1 < 9, where xq, xo, x3 are variables or the

constant 0.

Denote the cardinal of a set A by |A|; a more accurate definition is explained

later.

By terms we mean, terms constructed from the Skolem functions of a

theory T" under consideration.

Take a model M |= IAg+ Exp and let A € M be a set of terms. There
are 2|A|* + 3|A|? different atomic formulae with constants from A, so there are

22AP+3IA® different evaluations on A (in M.)

So the above definition of Herbrand Consistency has a deficiency in weak
arithmetics (in the lack of exponentiation) from the viewpoint of incomplete-
ness: unprovability of the consistency of T"in T is equivalent to having a model
of T" which contains a proof of contradiction from 7". By the above definition,
a Herbrand proof of contradiction consists of a set of terms, say A, such that

there is no T-evaluation on it.

Existence of an evaluation (in a model) means existence of its code for a
fixed coding. And by “availability of all the possible evaluations” we mean

“existence of an upper bound for all those codes”.

Let v be a coding (we do not need the accurate definition of a coding.) De-

fine the partial function F.(A) = max{y — code(p) | p is an evaluation on A}.

Availability of all the possible evaluations on A is (by definition) the exis-
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tence of F.,(A).

Now, since card(A) < maxz(A) for any (arithmetical) set A (in A+ Exp)

we have 22A°+3IA < 2 (A), for any coding .

If Exp is not available in a model N (of say 1A¢) and |A] (for a A € N) is

too large such that 22A°+3IA”

does not exist (in V) it may happen that none
of the (few) available evaluations on A (in the model N) is an T-evaluation.
This doesn’t give a real Herbrand proof of contradiction from 7! By “real”
we mean our intuition of a real Herbrand Proof of Contradiction. From such

a model’s viewpoint such a A is a Herbrand Proof of Contradiction, since all

the evaluations on A in the model are non-T-evaluations.

However existence of such a model (and a Herbrand Proof of Contradiction
in it) “is devoid of any philosophical interest and ... in such a weak system
[the Herbrand Consistency predicate] can not be said to express [Herbrand]

Consistency” ([4], page 504, see also page 511 of the same reference.)

Or, informally speaking, such a model does not contain “enough evalua-
tions” on that set of terms to be able to judge about Herbrand Proof based

on that set.

It would be more reasonable (and more interesting) if we could find a model
with a sufficiently small set of terms in it, that is a A, such F,(A) exists and
none of the evaluations on this set (which can be counted in the model) is an

T-evaluation.

In the forthcoming sections, we will formalize Herbrand Consistency by a
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IT;-formula, such that its negation will give an (intuitively) actual Herbrand

Proof of Contradiction in weak arithmetics.

2.3 Formalizations

For a specified coding (so-called “Linear Compressed Coding” in [20]) which is
used throughout the thesis (introduced in Chapter V of [6]) we will compute
a rough upper bound for the codes of all evaluations on a set A. Existence
of that upper bound guarantees availability of all the (intuitionally) possible

evaluations on A.

We use Hajek-Pudlak’s coding of sets and sequences ([6], pp. 295, 309,

312) the main properties of this coding are:

lh(s)
1) “sisasequence” Az = 4- (64(max(s)+1)2) — 3t < z{“t is a sequence” A

Ih(t) = lh(s) AVi < Ih(s)((s); = (t);)} [Proposition 3.30, page 311]

2) Vo < udy < vp(z,y) AJz(z = (v+2)") — Is < (v+ 2)"{lh(s) =
uAVi < u(p(i,(s);) A(s); <v)}, for bounded ¢ [(modified) Proposition 3.31,

page 311]
3) sxt <64-s-t [Proposition 3.29, page 311]

4) Vp [“p is a sequence” — Vz3g < 9-p- (2 + 1)2(“q is a sequence”

Nz < g{fz € gz epVr==z})] [Lemma 3.7, page 297]

5) For asequence t if s1,--- , 8,, <y, and (2y)¢"9® exists then t(x1 /51, , Tm/5m)
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which is resulted from ¢ by substituting s; to x; for 1 < i < m, exists and
tHy/s1,  Tm/sm) < (29)°99® | where ¢ € N is a fixed constant.
[Proposition 3.36 and (modified) explanations afterward]
Analogous statements hold for (the codes of) sets.

For a set A its cardinal is defined as noun(v) — 1 if A = (u,v) and 0
otherwise, where noun is as Definition 3.22 in [6], page 306. (Intuitively noun

counts the number of 1’s in the binary expansion of v.)

For further references we re-state the above properties for sets. Suppose s

and t are sets.

I) z=4- (64(ma:r(s) + 1)2>|S| — < H|t| =|s|\Ve <tlzret—zc
s)}.

IT) Vo < udy < vp(z,y) A3z(z = (v+2)") — 3s < (v +2)"{|s] =

uAVy < s(y € s Jx <up(z,y))}, for bounded .
IID) sUt <645t
IV)VsV2H <9 s (z+1)Voe<t{z etz esVa =z}
Code the ordered pair (a,b) by (a + b)* + b+ 1.

Fix the function symbol f,zj which is supposed to be the i-th, k-ary Skolem
function for the j-th axiom of a theory T (so if the j-th axiom is JzVyJuIvA(x, y, u, v)

then its Skolemized is YyA(fy”, v, fi” (v), £ (v)).)
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And fix the function symbol f{ which is supposed to be the i-th, k-ary
function, these symbols are reserved to be Skolem function of a formula 6 in

the definition of HCony(0).

Terms are well-bracketing sequences constructed from {(,)} U {fi’}ijx U

{fi}ii (see [6], page 313.)
Example 3. Let the theory T be axiomatized by
1. Ve3y3zVuA(z,y, z,u)
2. JuFvVrB(z,u,v)
and let 6 be 32Va3yC(x,y, z), for open A, B, C.
So, the Skolemized form of T is
1. VaVud(z, f (), £ (2), u)
2. VaxB(x, 5’2, 02’2)
and the Skolemized form of 6 is VaC(x, f{(x), f3).

In this particular example, for Herbrand Consistency of 8 with T it is enough
to have a (T + 6)-evaluation on any set of terms constructed from the l-ary

function symbols {f"', /&', f1} and the constant symbols {f,%, fo*, fi}. A

The following lemma illustrates a computation on codes of terms, which

will be used several times in the forthcoming chapters.

The cut log? is defined by: = € log? <= 22" ewists.
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Lemma 2.3.1 (IA)
For an i € log? which i > 1, there is a sequence X with length i such that
(X)o =0 & Vj < i{(X);11 = fI'((X);)} and (code of) X < K?,

for a fired K € N.

Proof. The term f"' (f{"'(--- f°'(0)---)) in which f"' appears j times is
a well-bracketing sequence made from £ = { f11 a 0}. So, by the arguments in
pp. 312-313 of [6], there is a bounded formula T'erm: (z) which expresses that

x is a term in the language L'
Let the bounded formula ¢(j,z) be Termg/(x) A lh(x) = 35 + 1.
And fix the terms ¢y =0, and ¢j41 = fll’l(cj) for j < i.
(So, the formula ¢(j, z) defines “z = ¢;”.)
Let m = 64*--code(“f}""")-code(“(")-code(“)"), and K = (m-code(“0”)+2)*.

Then ¢;11 < m-¢; for any j < i by 3). So, by induction on j < ¢, it can be
shown that ¢; < m?cy (note that all the parameters in the induction formula

are bounded by m’ which exists, since i € log?.)

So, we have Vj < i3z < m’code(“0”) (p(j,z)), hence by 2) there is a X
such that X < (m’code(“0”) + 2)* and Vj < ip(j, (X),). Finally note that

(micode(“0”) + 2)* < (mcode(“0”) 4+ 2)** = K. [

Similarly, one can show there is a set X’ = {cp,¢; -+, ¢;} with code < K.
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Let y be (the code of) a set of terms, we compute an upper bound for the

codes of evaluations on y: each evaluation is (informally) of the form

v = y,plvyn = 2]) | vi,v2 € y} U {(y1 < vo,pln < wa) | v1,02 €
y} U {2 =Sw),ply: = Sw)) | v1.v2 € y} U {{v1-v2 = 3,051 - 42 =

ush) |y, v,y €yt U v +v2 = ys, plys +v2 = u3]) | 1, v2,y3 € y};

in which p[¢] € {0,1} for any atomic formula ¢ with constants from y.
There is a natural number a such that for any k € {0, 1}

code((y1 = y2, k)) < 2+ (1 +ayiy2)?,

code({y1 < w2, k)) < 24 (1 +ay1ye)?,

code((y2 = S(y1), k) < 2+ (1 + ayiye)?,

code((y1 +y2 = y3,k)) < 2+ (1 + ayiyzy3)*, and

code((y1 - y2 = y3, k) < 2+ (1 + ayiyoys)”.

So code({¢, k)) < 2+ (1+ay?®)? for all k € {0,1} and atomic ¢ with constants

from y.

. 2 2|y[3+3Jy?
Hence, by 1), we can write p < 4(64(3 +(1+ ay3)2) ) , for any p,

an evaluation on y.

There is natural number N € N such that for any set y with |y| > N,

2>2|z,/3+3|y|2

4(64(3 + (14 ay®)?) < (y)".

Definition 2.3.2 Call a set of terms y, admissible if F(y) = (y)¥" exists.
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(We note that any y with |y| < N is admissible.)

Here, it should be emphasized that, we code evaluations (=functions) just like

sets. A function on an [-element domain is coded like an [-element set.

We modify the definition of Herbrand Consistency of a theory T" as: “ for every
admissible set of Skolem terms of T', there is an T-evaluation on it”. This is

formalized below.

So with this new definition, unprovability of Herbrand consistency of 7" in
T means having a model of T" with an element which codes an admissible set
of Skolem terms of T" such that there is no T-evaluation on this set in the
model. Since all the possible evaluations on the admissible sets are accessible
in the model, this set of terms distinguishes an “actual” Herbrand proof of

contradiction from 7.

Moreover this modification will enable us to formalize Herbrand Consis-

tency as a II;-sentence (see also, page 428 of [12]).

By “terms” we mean terms constructed from the Skolem function symbols
{fi7Y;;6 U {fi}is introduced above Let the bounded formula Terms(y) be for

“y is a set of terms constructed from those symbols” (see [6], page 313.)

There are bounded formulae eva(z) and eval(z, y) which represent “z is an

evaluation” and “y is a set of terms and x is an evaluation on y”.

For atomic formula ¢, p[¢] =1 is a bounded formula, for more complex ¢

the statement p[¢| = 1 can be written by a IT;-formula:
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Definition 2.3.3 let the bounded formula Sat(p, ¢, s) be
‘eva(p)& s is a sequence of pairs {a;, b;), such that:
1) each a; is (the code of ) a formula and each b; is 0 or 1,
2) for k = length(s), ar, = ¢ and by =1,
3) each a; is either of the form
3.1) a; = aj A\ ay, for some j,k < i and b; = b; - by,
or 8.2) a; = a; V ay, for some j, k <i and b; =b; + by — b; - by,
or 8.3) a; = a; — ay, for some i,j <k and b; =1+ b; - by, — b,
or 3.4) a; = —a; for some j < i and b; =1 — b,

”»

or 3.5) a; is atomic and b; = pla;].

Let S(#) be the number of subformulae of the formula 6. For the above

sequence s, by the property I) of the coding, we have
2\ 5(9) 20-5
(the code of) s < 4(64(1 + (,1)) ) < (¢4 2)205@),

Let H(¢) = (¢ + 2)205().

Definition 2.3.4 (Satisfaction)

So we can write pl¢] =1 as: Vz(z > H(¢) — Is < zSat(p, ¢, s))

Let ||0]] be the number of existential quantifiers in the prenex normal form
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of 0 (we can assume it has the form 6 = Va13y; - - - V2, Jynm0(x1, y1, -+ Tony Ym),
so ||#]] = m in this case.)
For a formula 6 fix its Skolem functions as f?,---, f where o = ||0]|. Write

o= (t1, - ,to) where {t1, - ,to }, {f0(t1), -+, fo(t1,...,ta)} C y for a set of
terms y. We compute an upper bound for the codes of Sk(#, o) for all such

o’s, in terms of y and 6.

We have Sk(0,0) = 0(zy/t, y1/fO(t1), -, 2a/ta, Yo/ (t1, -+ ,ta)), hence
(the code of) Sk(0,0) < (2y)<os®),
Note that the code of all ¢;’s and ff(tl, .-+ ,t;) are <y, since all belong to y.

And since we can assume 6 < 6, then (the code of) Sk(6,0) < (2y)°?.

Now, we can write H(Sk(0,0)) < ((21/)"'9 4 2) 205(6)

Let G(6,y) = ((2y)° +2)*"*7.

We note that “u = Sk(#,0)” can be written by a bounded formula in terms

of 0, 0,y. Also let the bounded formula Avail(o,y) be for

‘o = <t17"' 7toc> /\{tla at(mfle(tl)?'” 7f2(t17"'7toc)} g y”'

Definition 2.3.5 Now we can write “p is an 0-evaluation on y” as:

Terms(y) A eval(p,y) AVz[z > G(0,y) — Yu < z¥o < y{Avail(o,y) A “u =
Sk(6,0)” — s < zSat(p, u, s)}].

Denote its bounded counterpart by SatAvail(p,y, 0, z), that is:
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Terms(y) A eval(p,y) — Yu < z¥Vo < y{Avail(o,y) A “u = Sk(0,0)” —

ds < zSat(p, u, s)}.
And finally we can formalize (the modified) Herbrand Consistency:

Definition 2.3.6 For a finite theory {Ty,--- ,T,}, define the predicate HCony(x),

as:

Vz(Vy < z | Terms(y) A z> F(y) A . z2>G(T;y) N 2> G(x,y) —
1<j<n j

Jp < z3s < z{eval(p,y) A\ <<, SatAvail(p, y, T}, s) A SatAvail(p, y, z, 3)}])

The bound (z >)F(y) guarantees that (the set of terms with code) y is ad-
missible, and the bounds G (1}, y), G(x,y) are for the existence of the sequence

(s) in the definition of satisfaction (p[¢] = 1.)

We note that the bounds G(7},y) and for a standard x the bound G(z,y)
for z, are polynomial with respect to y, so for sufficiently large, also for non-

standard y’s, they are less than the bound F(y).
The cut I is defined (informally) by: z € I <= “a 8—code for (2,22, -.-22") exists”.

Formal definitions are given in Chapter 3 and in Chapter 4.

Definition 2.3.7 The predicate HConk(x) is obtained from HCong(x) by

restricting the (only unbounded) universal quantifier to I:

Vz € ](Vy <z [Terms(y) A z2> F(y) N Nijen2 > G(T5y) A 2>

G(z,y) — Ip < z3s < z{eval(p, y) A\ <<, SatAvail(p, y, T}, s)ASatAvail(p, y, , s)}])



CHAPTER 2. BASIC DEFINITIONS AND FORMALIZATIONS 27

2.4 Main Theorems

Proposition 2.4.1 The formulae HCony(¢) and HConk(¢) binumerate “Her-

brand Consistency of T with ¢” in N:

N E HConr(¢) iff N= HConk(¢) iff {o}UT is Herbrand consistent.”

Herbrand Consistency of 7', HCon(T), is HConr(“0 = 0").

Since in view of Herbrand (and any cut-free) proof, the notion of sub-theory
is different than of Hilbert proof (see the explanation after the proof of the
main theorem) so by “S is a fragment of 7”7 or “T is extending S” we mean

that “the axiom-set of S is a sub-set of the axiom-set of T”.

Note that by a theory we mean “a set of sentences” and this is regarded

differently than “the set of its logical consequences”. See also [20].

In Chapter 3 we prove:

Proposition 2.4.2 There is a finite set of IAq-derivable sentences, say B,
such that for every bounded formula 0(x) with x as the only free variable, and
for any finite theory a (in the language of arithmetic) whose axiom-set contains

the set B,

IANg - HCon(a) N3z € I 0(x) — HCon(“Jz € I O(x)”)

Having this proposition we can prove our main theorem:
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Theorem 2.4.3 Tuke B as in the previous proposition, and let H be a finite
fragment of IAg containing PA™ such that the previous proposition is provable
in H, then for any finite consistent theory « (in the language of arithmetic)

whose axiom-set contains the set BU H, we have a tf HCon(a).

Proof. Let 7 be the fixed point of HCon (—x) (that is HCon},(—7) = 7

and it is available in PA™, i.e. PA~ F HCon!(—7) = 7, see [8].)

The theory a + —7 is consistent, since otherwise, by proposition 2.4.1, we
would have N = —HCon?(—7) and so by the fact that PA~ is ¥;-complete

([8]) we would get PA~ + =HCon/(—7), hence o F =7, then o would be

inconsistent.
Write =7 = Jx € [ 0(z) for a bounded 6, then
a+ -1+ HCon(a) = HCon(a) A3z € I 0(x),
so by proposition 2.4.2; we get
a+ -1+ HCon(a) - HConl(“Jz € I 6(x)"),
and then a+ -7+ HCon(«) = HCon}(—7), hence a+ -7+ HCon(a) - 7.

So a = HCon(a)) — 7, and this shows that a t/ HCon(«a). O

It is worth mentioning that different axiomatizations of a theory have dif-
ferent Herbrand-proof speeds, as Willard observes in [20]: “a redundant axiom
can super-exponentially shorten the length of some cut-free proofs”. And

since the cost of switching a proof to a (cut-free) Herbrand proof is of super-
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exponential (see e.g. [15] and [16]) accepting some theorems of a weak theory

(e.g. IAp) as axioms, may economize its proof system.

Definition 2.4.4 Define the function w(z) = 2'°°*, and denote its totality

aziom by Q = Vady“y = w(x)”.

For any term ¢(w) (in the language of arithmetic extended by the function
symbol w, see [6]) we have t(w)[x] < wi(x) for sufficiently large z; in fact it
can be shown by induction on t that t(w)[z] < £F@9"?) for sufficiently large
x, where P(log*z) is a polynomial with respect to log?,log?, - - -. For example

w(z) = 29009*7) where Q(log*x) = logPx - logx + (log2x)2.
Thus IAy W/ IAg+Q A/ Ay + €.
In Chapter 4 we show,
Proposition 2.4.5 There is a finite fragment of [Ny + 2, say D, such that

for every bounded formula 6(x) with x as the only free variable, and for any

finite theory a (in the language of arithmetic) extending D,

INg+QF HCon(a) N3z € I 6(x) —» HCon!,(“Iz € I 6(x)”)

Then with a proof very similar to that of theorem 2.4.3, it can be shown

that:
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Theorem 2.4.6 Tuke D as the previous proposition, and let H be a finite
fragment of IAg + Q0 containing PA~ such that the previous proposition is
provable in H, then for any finite consistent theory o« (in the language of

arithmetic) extending D U H, we have ot/ HCon(c).

Hence we show Godel’s Second Incompleteness Theorem for Herbrand Con-
sistency of a certain axiomatization of IAg (where some IAj-theorems are
taken as axioms.) And for the theory IAg 4+ Q (and also for TAg + 4 in
Chapter 5) we show Godel’s Second Incompleteness Theorem for its Herbrand

Consistency when its “usual” axiomatization is taken.



Chapter 3

A >{-Completeness Theorem

Godel’s Second Incompleteness Theorem says that no machine can correctly
prove that it does not contradict itself. Roger Penrose arques that we humans
can intuitively see that our mathematics is free from contradictions. So we

cannot be machines.

Oliver Schulte

This Chapter is devoted to prove proposition 2.4.2, see also [13].

Godel’s original second incompleteness theorem states unprovability of (for-
malized) consistency of 7" in T', for sufficiently strong theories T'. Being “suffi-
ciently strong” means being able to code sets, sequences, terms and some other
logical (syntaical) concepts, like provability and being able to prove their prop-

erties.

31
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Of those properties are:
1. T+ Pro(p) A Pro(p — ) — Pro(i), and
2. TE Pre(p) — Pro(Pro(e))

Usually the property 2 is proved by use of formalized X;-completeness

theorem: 7't ¢ — Prp(p) for any ¥;-formula .

So how can one show Godel’s second incompleteness theorem for weak

arithmetics, which are not that strong to prove those properties?

One may have two options here (although, these are not the only ways, see
e.g. [2]):

1) try to find a model of T" which does not satisfy Con(T), or

2) try to show some weak forms of ¥;-completeness in 7', which can prove

Tt/ Con(T) (by a similar argument of our main theorem’s proof.)

The first method is applied in [4] to show @ I/ Con(Q) for Robinson’s

arithmetic Q). And the second method is applied in [1] and [3].

Here we also use the second method: we prove a kind of formalized ;-
completeness theorem which is sufficiently powerful to show unprovabolity of

consistency. (c.f. [7] and [3].)
A weak form of ¥;-completeness theorem can be like:

T+ Con(T)A3Jzb(x) — Conp(3z6(x)) for Ap-formulae 6(x) (c.f. [1], [3] .)
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Our proposition 2.4.2 is a form of weak formalized ;-incompleteness theorem,
in which the witness z for §(z) is small (restricted to the cut I defined below)

and the second consistency predicate is rather weak (that is HCon}. instead

of HConr.)

We need some auxiliary definitions and lemmas.

3.1 Base Theory

Take A be the axiom system:
Al. Va3dy “y = S(x)”
A2. ¥z, y, z(“y = S(x)” N 2= S(x)” - y=2z)
A3.Vz (z < x)
Ad.Vr,y,z (x <yhy<z—oz<z)
A5. ¥z (2 <0 — 2 =0)
A6.Vx,y,z (‘y=SE) ANe<y—z<zVze=y)
ATV, y(ty = S(z)” =z < y)
A8.Vx “z+0=2a"
A9. YV, y, z,u,v (“2=Sy)" ANe+y=u"A“v=Sw)” — ‘c+z=10")

Al10.Vz “z-0=10"
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All. Vz,y, z,u,v (“2=Sy)" ANz y=u"N“u+z=v"— “c-z2=0")
Al2.Vz,y (“y = S(x)” — -y < x2)

As mentioned before, folklore axiomatizations of (different fragments of)
arithmetic, consists of the axioms of @) ([6], page 28) or the axioms of PA~

([8], page 16), let us call it “the base theory”, plus the induction axioms.

Here, our base theory A is slightly different from @ or PA~, (mainly) in
the axioms A5 and A6. These are replaced for the axioms Q3 and Q8 in [6]
or for Ax13, Ax14 and Ax18 in [8]. The reason for choosing A5 and A6 to the
above axioms is that we get a V;-axiomatized base theory (note that except of

A1, all other axioms of A are V;.) This will help to prove the next lemma.

Recall that fl1 ! is the first 1-ary Skolem function symbol for the first axiom.
So, the Skolemized form of Al is Va{f "' (z) = S(z)}.

Fix the terms ¢ = 0, and inductively ¢; 11 = f"'(c;), for j < i where

i € log® is given. (See lemma 2.3.1 in Chapter 2 for the existence of ¢;).

The term ¢; is represented as the i-th numeral in every A-evaluation p on
{co,-++,ci}: pleco =0] =1 and p[cj11 = S(¢;)] =1, for j < i.
Lemma 3.1.1 (1A) Suppose for ani € log* withi > 1, we have {cy, -+ ,¢;} C
A for a set of terms A, and p is an A-evaluation on A, then
1) If pla < ¢;) =1 for an a € A, then there is an j < i such that pla = ¢;| = 1.

2) If v is an open formula and y(x1,--- ,xy) holds for xy---x, < i, then
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ph(cxly te ,me>] =1.

Proof. 1) by induction on j, one can prove that if pja < ¢;] = 1 then

pla=c;) =1forak <j: for j =0 use A5, and for j + 1 use AG.

We note that the following bounded formula can express the statement for

those j’s:

Va € AVu < K¥Jv < K”3k < j{o(j,u) Apla <u] =1 — p(k,v) Apla =

v] = 1}. (Recall K and ¢ from lemma 2.3.1 in Chapter 2, page 21.)
2) Note that the assertion 2) can be expressed by the bounded formula:

Vo, <V, < iVu, < K-V, < Ki2{g0(x1,u1) Ao N O( X,y ) A

V(xlv"' 7$M> —)ph(ulv"' 7um)] = 1}‘

First we prove it for the atomic or negated atomic formulae. For z; < x5
use induction on s, for x5 = 0 by A3 and for x5 + 1 by A3, A4 and AT.
Similarly for xy + o = 3 and z; - x5 = x3 use induction on z, and A8,
A9, A10 and All. For —xy = wo: if —x1 = xo then either 1 + 1 < x5 or
xo+1 < xy, eg. for z1+1 < 9 we have plcy, 11 < ¢z,] = 1, now use A12. For
-S(x1) = x9 use A2, and the cases -y + x9 = x3 and -y - 29 = 3 can be
derived from the previous cases. For —x; < xq9: if mz; < 29 then 2o + 1 < 14

SO P[Cayt1 < €zy] = 1, now use A4 and Al2.

The induction cases for A,V,— are straightforward. (Note we have as-
sumed that the formula € is in normal form: the negation appears only in

front of atomic formulas.) O
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3.2 Skolemization of x € [

Recall Godel’s g-function:
Bla,byi)=rifa=(g+1)[(i+1b+1]+7r A r<(i+1)b for some gq.
Define the ordered pairs by (a,b) =a+ 3(a+b+1)(a+b).
Define the divisibility relation x | y by V¢, r(y =q-x+rAr <z —r =0).

Let U(x,i) = Va,b,c{{{a,b),c) = x — [a > (i + 1)b+ 1] A [B(a,b,0) =
AN [B(a,b,j +1) = (Ba, b, )] A vk < i((k + 1) [ b)) A [B(a, b, 1) | )] A VE <
i((k+1)b+1|c)]}.

Note that ¥(z,7) can be written by a V;-formula.

The formula W(z,i) states that x = ({(a,b),c) where (a,b) is a (3)-code
of a sequence whose length is at least ¢ + 1, and its first term is 2 and
every term is the square of its preceding term. So such a sequence looks
like: (2,22,2%° ... 22" ). The second component of z, ¢ is a parame-
ter. The condition [Vk < i((k + 1) | b)] implies that for any w,v < 1,
(u+1)b+1,(v+1)b+1) =1 when u #v. So by [Vk <i((k+1)b+1 | c)] we
get [[[r<ipi (kO + 1} | ] hence [c > ], 1{kb+ 1}]. (Note that this informal

argument can not be formalized in 1A, this way.)

By invs(u,v) we mean the (unique) element w € {0,--- ,v — 1} such that
UW =(mode v) 1 (0f course when such a w exists) and by ngt(u,v) the (unique)

element w € {0,--- ,v — 1} such that u 4+ w =(node v) 0.
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For given n, x1,---,x,, let b = maz{xy,--- ,x,}.n! and b; = jb+ 1 for

1 < j < mn;then by, --- b, are pairwise co-prime.
Let a1 = x1, and
aps1 = ar + ([Ti<j<p 05) - n0s(TLi<j<p 0 b)) - [2ra1 4 ngt(an, brga )],
for all k, where 1 < k < n.
For a = a, we have a =(ode 5,) z; for all 1 < j <n.

The above ordered pair (a,b) is a F-code of the sequence (xq,- -+, x,).
Lemma 3.2.1 A+ Va,idy(VY(z,i) — V(y,i+ 1))

Proof. Suppose ¥(z, 1) holds, and = = ({(a,b), c).

Let o/ = b*- (i + 1), then by Vk < i(k | b) we get Vk < i+ 1(k | ¥'); also

since 22 | b then 22" = (22)2 | b2 | V.
So (ub' + 1,vb' + 1) =1 for any u,v < i + 2 which u # v.

Let d; = miny<.{Vk < j(Fv < ufu = v- ((k+ 1)b+ 1)])}, for any j < i.

(Note that d; is Ag-definable.)
It can be shown that d;; = d; - ((] +2)b+ 1), for j < 1.

By induction on j < i it can be shown that &’ < d;, so b" exists. (Again note
that the formula & < d; is bounded w.r.t b, j and ¢.) Also (i+1)7*! < 22" < ¢

for j <.

Let e; = o/t - (i 4+ 1)7, for j <i. (Note that e; < c¢-a and d; < c.)
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By induction on j < we show that:
Jr<ca{z<e-di NVE<Sj((k+1V+1|x)},

in which “z < e; - d;” can be expressed by a bounded formula. We note

that e; and d; are Ap-definable w.r.t j. We note that all the quantifiers of the

7

explicit form of the above formula can be bounded by “c? - a”.
For j =0,let x =0 4+ 1, then z < ey-dy and b’ + 1| z.

For j+ 1, if x < e; - d; is such that V& < j((k+ ny +1 | x), let y =
- ((F+2)0 +1), then y < dje; ((j+2)V +1) = dje; ((F+2)0*(i + 1) +1) <
dje;((5 +2)b+ 1) (b(i + 1)) = d;((5 +2)b+ 1)e; (b(i + 1)) = dji1ej41. Also

Vk<j+1((k+1)0 +1]y).

Hence we showed that Vj < idz < e;d;Vk < j((k+ 1) + 1 | ). Denote

the corresponding = to j by I; (so Vk < j((k+ 1) +111;).)
Take ¢ =1; - ((i +2)b + 1).
Let ag = 2, and

a1 = ag + U, - ino(ly, (k + DV + 1) - 227 + ngt(ag, (k + DY + 1)], for

k<u.

And @’ = a;11. It can be shown that Vj < ¢ g(d',V,j) = B(a,b,j) and

B(d Vi +1) = B(a,b,i)>.

So with y = ((¢/, V'), ) we have ¥U(y,i+ 1). O
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Define the cut I as: x € | <= J2V¥(z,x).

Denote the open part of ¥ by ¥, so ¥(z,2) = Yu¥(z,z,u), in which

u = (uy,- - ,ug) for a natural k.

To get the B asserted in the proposition, we add the following axioms to A:
B1. ¥ (({(5,2),3),0)
B2. VaVidy(V(x,i) — ¥(y,i+ 1))

The axiom Bl says that the number ((5,2),3) is a #-code for the sequence (2)

(as it can be seen 5 =04 (241) 2 and 3 =2+ 1.)

And the axiom B2 is the IAg-derivable statement i € I — i+ 1 € I.

To be more precise we write the axiom B2 in the prenex normal form:
B2 VaVidyFuvv (U (z,i,u) — U(y,i + 1,v)).

Its Skolemized form is

vxaiajavl7"’ 7Uk<.j = S(Z)/\@(I,Z,fg’lzl(l’fé), ) 21+k714(x7i)) Hﬁ( 21’14($,i),j,1)1,"'

Recall from Chapter 2 that fli’j is fixed to be the i-th, [-ary Skolem function
symbol of the j-th axiom of a theory T', by which the predicate HConp(x)
had been defined. Here the first 12 axioms of B are the axioms of A, the
number 13 is Bl and the axiom number 14 is B2. So the function symbols

R A lkH’M are taken to be the Skolem function symbols of B2.

Fix the terms zy = cg99, and inductively z;4; = f21’14(zj,cj), for j < 1,

7Uk)>-
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where i € log? is given.

Let £" = {0, f] L 21’14}, and take the bounded formula defining terms
in this language as Termg.. The following argument describes the bounded

formula ¢(j, ) which defines “x = 2,;” (see [6] page 313):
- either (j = 0 and = = ¢g99), OF
- Termgn(x), and
— = begins with f21’14, and
— every y such that SubW B(y, x)&Term»(y), either

. 1,14 . .
- does not contain any f,” and is a ¢, for a k < j, or

- contains a f;"'* and is of the form f3"**(s, ;) for a k < j such that

- the number of f21’14’s appearing in y is k + 1, and either

- (s is cgg9 and k = 0), or

— Termgr(s) and s begins with f''*.

And for 1 <1 <k, fix u} = f;7(z;,¢;), where j <.
It is easy to see that ué can be defined by bounded formula w.r.t [ and j.

The term z; is represented as a (()-code of the sequence (2,22 ... 22"
in any B-evaluation on {co,--- ,¢;, 20, - , 2} (note that 699 = ((5,2),3) and

(5,2) is a B-code for (2).)

l

The terms u; are auxiliary (to prove lemma 3.2.3.)
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Similar to lemma 2.3.1 in Chapter 2 we can prove:

Lemma 3.2.2 For i € log?> with i > 1, there is a sequence X with length i

such that ¥j < ié(j, (X);) and X < A% for a fized A € N.

In other words the sequence (zg,- - , z;) exists and has a code < A8

Proof. Recall the m and K from the proof of lemma 2.3.1 in Chapter 2,

page 21.
We had ¢j11 <m-g¢;.
Let n = 64° - code(f,"*) - code(“(”) - code(“)”), so
Zjt1 < m-zj-cj, and by reverse induction on [ < j,
zign <0 Thom g e ) so
Zipn < nIthom! T 2 [q)) or
2z <A for A=n-m-(z)-K.

(Note that all the parameters in the induction formula are bounded by

(n-m - (z) - K)” which exists, since i € log?.)

So, Vj < idu < Aj2gz§(j, u), hence by 2) in page 18, we have the existence
of an X such that X < (A" +2)% A {IR(X) =i AVYj <i é(j,(X);)}. O

We note that an Skolem instance of B2 is like

x) W(zg, 0505, uy) = Uzi0n, Gan, @, ),
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for arbitrary variables zq,--- , .

Lemma 3.2.3 (1A) Suppose fori > 699 such thati € log?, we have {cy, - ,c;, 20, " - -

{ul | j <i,1 <1<k} CA, then for any B-evaluation p on A, p satisfies all

the available Skolem instances of V(z;,¢;), for any j < i.

(The intuitive meaning is that “i € I” holds for i € log* in any B-evaluation.)

Proof. First we note that the assertion can be expressed by a bounded

formula:

vj < ZEIUHIU < AiQbe T, T € A{¢(]7 u)/\gp(j, ’U)/\p[ (U,U,.Z’l, o 7xk)] = 1}
By induction on j < :
For j =0 by B1.

For 7 + 1: by induction hypothesis p satisfies all the available Skolem in-
stances of ¥(z;,¢;), so in particular p satisfies ﬁ(zj,cj,ujl-, e ,uf) then by
the above instance *), p must satisfy W(z; 1, ¢jy1, 01, ,v) for all vy, -+ v

that is all the available Skolem instances of W(2;41,¢jt1). O

3.3 The Proof

Now we are close to the proof of the proposition, let o be a theory whose
set of axioms contains the set B, and take a model M | IA, such that

M | HCon(a) and M =i € INO(i) for an i € M. Take a set of terms A such

7zz}U
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that F'(A) exists and is in (M), then we find an admissible set of terms A’ on
which there is an a-evaluation (denoted by ¢) by the assumption HCon(«),

and this a-evaluation induces another («U{3x € I 0(x)})-evaluation (denoted

by p) on A. This shows that M = HCon}(3z € I 6(z)).

We can take i and A to be non-standard, since if one of them is standard

the proposition (with almost the same proof) can be justified.
Write 0(z) = Vo, <131 < 81V < Y Iym < B2, 21,91, Tons Yom)-

We note that #(x) is a bounded formula in our language. So, each ; or
B; (for j < m) is either x or a variable appeared beforehand. Thus +; has
to be x, and (3 is either = or zy, similarly 75 is from {z,z1,y;} and (5 from

{z,21,y1, 22} and so on'.

There are Ag-definable (partial) functions on M, gy, , g (We may assume,

g; 10,47 — M) such that for all ay,--- ,a,, € M,

MEa <A — lg(a) < BN Jam < v = [gmlar, .. am) < 51 A

0(i, a1, g1(ar), -, gmlar, ... am))]] - ],

in which (v}, 8}; j < m) is the image of (v;,3;; j < m) under the substi-

tution {z — i, z; — aj,y; — g;(a1,---a;); j <m}.
Consider the formula
drelfx) =

HIEIZVI‘I S 71E|y1 S ﬁl c VZL‘m S /szlym S BmVu{@(z,x, u)/\@(m, T1,Y1, T, ym)}

'For example 0(z) = Vo1 < 23y; < 21V2e < y13y2 < 20(x, 21, Y1, T2, Y2)
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Write its Skolemized form as:

Vay - Ve Ya{U(f5, fiw) Az — [fi(z) < BIA - fom < o —

[frln(xb s 7xm) < 67/7/1 /\g(f017x17f11(x1)7 T 7xm>fr1n<x17 .- axm))]] o ]}7

in which (77, 8]; j < m) is the image of (v;, 3;; j < m) under the substi-

tution {z — fo,y; — fj (@1, - x;); j < m}.

Recall from Chapter 2 that the function symbols f; is supposed to be
the i-th, l-ary Skolem function symbol for the formula y in the definition of
HCong(y). Here y = 3z € I 6(x), so we use the symbols fa, f&, fi,--+, fL to

Skolemize this formula. Note that we are aiming to show HConX.(3z € I 6(x)).
Define the operation Move on terms be defined by the term-rewriting rules:
- for e
- f 3 = Zi

- fi(c;) = caii5)

- fgl(cju T vcjm) = Copn (G, dm)

That is the term f} is mapped (under Move) to ¢;, and fZ is mapped to z;

and for any 1 <t < m the term f!(c;,, -+ ,¢;,) is mapped to cg,(jy . jo)-

The accurate definition can be written by a bounded formula by applying
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proposition 3.36, page 314 of [6].

The extension of the operation Move to (all) other terms, has the following

properties:
i) Move(c) is ¢, if ¢ is a constant symbol other than f} or fZ.
ii) Move(c) ¢; if ¢ = f3 and is z; if c = f&.

iii) Movef(ty, - ,tx)) is f(Move(ty), -+ ,Move(ty)) in which f is a func-

tion symbol other than f! for 1 <1 < m.

iv) Move(f)(t1, -+ , ) is fi (Move(ty),--- , Move(t;)) if one of t1,--- ,t; is

not in {cg, -+, ¢}

v) Move(f!)(t1,- -+ ,t) is ¢y, jp 1 < U< mand t; = ¢j,, -+, = ¢,

Wlthjl, ,jlg’l

The definition of Move is motivated from the proof of the fact that the

evaluation p defined below, is an o U {3x € I 0(x)}-evaluation (see below.)

The operation Move changes the roles of fi and fZ to ¢; and z;, so that
p satisfies the available Skolem instances of W(fZ, f3) (since any a-evaluation
satisfies the available Skolem instances of ¥(z;, ¢;), see lemma 3.2.3) and chang-
ing f(cjy, -+, ¢j,) tO Cgy(jy, j,) implies that p satisfies the available Skolem in-
stances of 0( f3) (since any a-evaluation satisfies the available Skolem instances

of 0(¢;), see lemma 3.1.1.)

Lemma 3.3.1 There is a set Ay (in M) such that



CHAPTER 3. A ¥,-COMPLETENESS THEOREM 46

Vi{t € Ay — Fw € A(t = Move(w))}.

In other words, Ay = Move(A) exists.

Proof. A trivial corollary of lemma 3.2.2 is that
¢,z < AP for any j <.

Hence by 5) in page 18, for any term ¢ which (2A7)°2®) exists, Move(t)
exists and is < (2A7)8®): moreover Move(t) < 2% - A”A when t € A. (Note

that 7, A € log?.)

. |A] ,
Now since <2A CATA 4 2) exists, and we have Vo € AJy < 2. A’QA{y =
Move(z)}, we can use IT) in page 19 with the bounded formula p(z,y) = = €

A — y = Mowve(z), to infer the existence of Move(A). O
There is a natural B € N such that for all 7 <iand [ <k ¢j, 25, ué < B,

This can be implied from lemmas 2.3.1 and 3.2.2.

Hence we can construct the set {u} | j < 4,1 <1 < k} (its code can be

< (B2 + 2)%*) with a very similar proof of lemmas 2.3.1 and 3.2.2.

Let A" = Move(A) U {co, -+ ,¢i, 20, ,ziy U{ub | j <4, 1 <1<k}
Lemma 3.3.2 The set A’ is admissible.

Proof. We have already shown that

(code of) Move(A) < (28 - APA 4 2)IM < 4V AN apnd
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(code of) {co, -+ ,¢i, 20, -, zi}U{ub | j < 0,1 <1<k} < (B 4-2)4(k+2)i <

24(k+2)iB4i3(k+2) )
Hence (code of) A/ < 64 - 44 AN 4(k+2)iB4°(k+2) 1y TTT) in page 19.
Let s = maz{i,A}. So we can write
A < C* for a natural number C(= 64 - 4 - A - 24(+2) . B(:+2)),
Also note that |A'| < |A]+ (k4 2)i < (k+ 3)s, hence
F(A’) < (Cs4)(k+3)4s4 — Qk+3)%s® < 2%

Now, since s € log? the lemma is proved. [J

Hence by the assumption HCon(a) there is an a-evaluation ¢ on A’. Define

the evaluation p on A by
ple(ar, - ,a;)] = qlp(Move(ay), - - -, Move(q;))] for any atomic .
It can be shown that the above equality holds for open formulae ¢ as well.

We show that p satisfies all the available Skolem instances of {3z € I 0(z)} U«

in A:

1) p is an a-evaluation, since ¢ is so and the operation Move has nothing to

do with the Skolem functions of «.
For the Skolem instance ¢(t1, fi”(t1), -, te, fo” (t1, . .., 1)) of an axiom of a:

plott, fI7 (1), o te F7 (b, te))] =
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q[o(Move(ty), Move(fll’j(tl)), -+, Move(ty), Move(f,i’j(tl, ote))] =
q[o(Move(ty), fll’j(Move(tl)), -+, Move(t), f,i’j(Move(tl, cote))] =1

2) p satisfies all the available Skoelm instances of 3x € I 6(z) in A:

2‘1) p[ﬁ(f(i f(}? by, 7tk)] = Q[ (Move(fg)v MOUG(]‘&), Move(t1)7 T 7M0U6(tk))] =

q[V(z;, c;, Move(ty), -+ ,Move(tg))] = 1

since by lemma 3.2.3, ¢ satisfies all the available Skolem instances of ¥(z;, ¢;)

then the latter equality holds.

2.2) by lemma 3.1.1 for any term ¢ and any k < i, if p[t < ¢;] = 1 then
plt = ¢;] =1 for some j < k. So for evaluating 0(x) it is enough to consider

Skolem instances like 0(f3, cj,, fi(ci)s s Cins FL(Cirs -5 Ci)):
PO ciu Fi(ein), o s iy 63,))] =
q[0(Move( f3), Move(cj, ), Move(f(c;,)), - -+ , Move(c;,, ), Move(fr(cj,, .. ¢i)))] =
ql0(cis s Cor()s > Cms Comlir i) = 1

the latter equality holds by M = 6(i, j1, 91(j1): - + G Gon (s -+, jm)) and

lemma 3.1.1.

This completes the proof of the proposition.



Chapter 4

A Proper Subtheory of 1Ay + ()

The proof of Gdel’s Incompleteness Theorem is so simple, and so sneaky, that

it 1s almost embarassing to relate ...

Rucker, Infinity and the Mind

Here we prove proposition 2.4.5.

The crucial part is lemma 4.2.3, for proving which we use some new tech-
niques. In Chapter 3, this had been overcome by accepting two theorems of
IA as axioms, but since here we use the so-called usual axiomatization of
IAy+ Q, finding x,y (see below) is somehow tricky. (In Chapter 3, they were

specified by the Skolem terms of the new axioms.)

Another trick is in showing that ¢ satisfies the available Skolem instances

of ®(x,y,¢;), which was illustrated in Example 2, Chapter 2.

49
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4.1 Skolemizing A+ (2

Let ®(z,y,i) =Vj < i{x > i+ 1)y+1AB(x,y,0) = 2AB(z,y,j+1) =
(B, y,4))*}-

We note that the formula 5(z,y,0) = 2 can be written in our language as

a Vi-sentence:

Vuy, ug, ¢, ¢y trlun = S(0) Aug = S(u) Ag = S(g) Ay = Sy) At =

¢ yYNe=t+rAr<y—r=us,
and we can write 3(z,y,7 4+ 1) = (B(z,y,7))? as:

vj,7.j”7t17t/17t27t/27517SQ?QDQLQ%Q%JH)TQ[j, = S(]) /\j” = S(Jl) /\tl = j, "y A
to=j"-ynty =S(t) Aty =S(t) ANy = S(@1) NGy = S(q2) Ns1 =11 ¢4 Nsy =

by N =51+ AT =8 +1raAry <ty Arg <ty — 19 =11-71].

The formula ®(z,y,1) states that (z,y) is a ()-code of a sequence whose
length is at least ¢ + 1, and its first term is 2 and every term is the square of

its preceding term, c.f. Chapter 3.
Define the cut I as: x € [ <= FvIwd(v,w, z).

(Note that this is equivalent to the corresponding definition in Chapter 3

in the theory IAq + €2, however we will not use this fact.)

For technical reasons we write the normal form of ®(z,y, 1) as:

- - / / 1 VA A /4 / / / / /! 1 / / _
v.] < Zvulyu%q’q Y atvraq 7t W) 7t17t1at27t2751>52a511»Q1>QZ7€7277"177"27Q17QQ731a32{ul -

S0)Aug = S(u)ANg =S Ny =Sy Nt=y - ghz=t+rAr <yA[¢ =
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SN =t+ [N =S N"=SG)Nt=7"yNta=7"ynty =
Sty Nty =Sta) Nqy = S(@) Ngy=S(q) Ns1 =t - gy Nsa =1y -qy Ng] =
S@)NG =S Nsh =si+thANsh=to+th Nz =s1+rAr <t Az =

So+ 1o ATy <ty —>r=uy Ao =11-71}.
The open part of this rather long formula presents that:
e 1y =1 and uy = 2.
o ifr=(y+1)(¢g+1)+rand r <y then r = us(= 2).
(The term y + 1 is represented by " and ¥/ - ¢ is represented by t.)
o ife=(G+Dy+1)(qx+1)+mr withr <(j+ 1)y and
r=(7+2)y+1)(g2+ 1)+ 7y with 7o < (5 + 2)y, then 7y = r3.

(The term (j + 1)y is represented by ¢; and (j + 2)y by to, also the variable

sy represents (t; + 1)(¢1 + 1) and s, represents (to + 1)(ga + 1).)

The terms in brackets (| |) are unnecessary to mention in the formula, but
by having them we guarantee the existence of the terms S(¢), t+vy, S(q;), s1 +
ty,S(qh), se + t, which will be used in the proof of lemma 4.2.3 (c.f. Example

2, Chapter 2.)

Denote the open part of ® by &, so ®(v, w,z) = Yud (v, w, z,u), in which
u = (uy,- - ,uy), for a natural k.

An upper bound for a B-code of (2,22,2% ... 22 can be like:

b=il2% < (22)2,
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a<i-[[icjc;(Gb+1)- (2% +ib+1) < (22)0-2% < [w(2¥)]". (c.f. Chapter 3.)
So we can show:
Lemma 4.1.1 IA;+QF Vz,i(z > 22 Hu,vq)(u,v,i))
Proof. Take i and z such that z > 2. Let v = 4! - 2% (note that it exists
since il - 2% < (2%)2 < 22)
It is easy to see that (kv + 1,lv+ 1) =1 for any k,I < i+ 1 which k # [.

We note that v’ exists (v' < (i) - 212 < 22 . y(22) < z- w(z)) hence v/

exists for all j <i. Also i/ exists for j < i.
Let d; =27 - i/ - v/. By induction on j < i it can be shown that:
o < Zw(z)[zr <dj A VE<j{(k+1)v+1]a}

For j = 0 it is trivial, for j + 1, take an z such that x < d; and Vk <
J{E+1)v+1 |z}, lety=x-((j+1v+1), theny < z-2-j-v < d;(2iv) = dj4q

and Vk < j+ 1{(k+1)v+ 1|z}
Call the corresponding = to j, I; (so, Vk < j{(k+ 1)v+1|}.)
Now, let ag = 2, and inductively
apr1 = ap + L - ino(l, (k+ D +1) - 227 4+ ngt(ag, (k + 1) +1)],
for k < 1.

And finally u = ;. It can be seen that ®(u,v,7) holds. O

We note that the order of axioms in (any) axiomatization, from the Her-
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brand Consistency viewpoint, is not essentially important. (The only differ-
ence it would make is changing of the Skolem function symbols, recall that the

function symbols f,i’j were kept for the j-th axiom.)

Here our axiomatization will consist of A1 — A12 (introduced in Chapter
3) plus the axioms A13 — A25 below, companied with some of the induction

axioms by which * %% and * % x below can be proven.
Let the 13-th axiom of 1Ay + € be
A13. VoIy(y = z?)

Fix the terms Zy = ¢4, and inductively Z;, = f"'*(Z;), for j < i, where

i € log? is given.

Similar to what have been prived in Chapters 2 and 3, it can be shown
that the terms Z; can be defined by bounded formulae, and (the code of) the

set containing Z; for j <1 exists.
And fix the axioms
Al4d. Vr,y3z“z=x +y”
A Ve, y(zr <yANy <z —x=7)
A16. Vr,y(x <y Vy < x)
Let x < y abbreviate z <y A~y < z.
ATV, y,z(e <y — x4+ 2 <y+2)

A8 Vr,y,z(r <y—x-2<y-2)
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A19. Vz,y, o' (2" = S(x) Ne <y — 2’ <vy)

A20. Vz,y(z +y =y +x)

A1V, y(zr+y=ac+2z >y =2)

A22. ¥V, y(x -y =y - x)

A23. Vx,y,u,v(“c+y=u" A ‘e 4+y=0v" —u="0)
A24. Vz,y,u,v(“e -y =u" ANy =0" - u=v)
A25. Vx,y3z“z=x-y”

For finding a sufficiently strong fragment of 1Ay + 2, we note that the

followings are provable in IAg:
* BME(¢) (Bounded Maximal Element)
w,z(ax <ig(z,7) — Iy < i(dy, ) Az <i(z >y — —mb(z,?)))),
for bounded ¢.
We are interested in the particular case ¢(x,u) = 22" < u.
s« DIV (Division theorem and its uniqueness)
Ve, ydg,r(z=q-y+rAr<y)
Ve, y,q,q 7, 7“’(3: =qy+rAr<yhNr=q¢ -y+r'ANr' <y —q=q¢ Ar= r’)
* % x Vo (r < 2?)

Let D be a finite fragment of IAg+ €2 containing A + A13 — A25 such that

the lemmas (3.1.1, 4.1.1) as well as BME(2*" < y) and DIV, also * * * can be
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proven in D.

4.2 The Proof

Let a be a theory extending D, and take a model M = IAq + €2 such that
M | HCon(a) and M =i € INO(i) for an i € M. Take a set of terms A such
that F'(A) exists and is in I(M), then we find an admissible set of terms A’ on

which, by the assumption HCon(«), there is an a-evaluation that induces an

(o U{3x € I O(x)})-evaluation on A. This shows M = HCon’ (3x € I 0(x)).
Take 6, 6 and the functions g¢q,- - - , gm as in Chapter 3.
Consider the formula

drelf(z) =

E'JIE'CL, bvxl S 0613?11 S ﬁl o vxm S Oémzlym S ﬁmVU{E(G, b7 z, u)/\g(x7 T1,Y1, "

Write its Skolemized form as:

Var Ve Ya{B(f2 3 f30) A x < of — [fl(@) < B [rn < alf —

(@, am) < B AOUS w0, (@), @, (o)) -1

in which (af, 87; j < m) is the image of (ay, 8j; j < m) under the substi-

tution {x = f&uyj = fj1<x17 o m])? j < m}

Assume a = {T},---,T,}, with the Skolem function symbols {f,i’j | 1<

5 l<n&k<n}.

Let S? = {co, -+ ,ci, Zo," - , Z;}, and inductively

,.Tm, ym>}
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S;L+1zsgtu{flivj<al,... va;) [ 1< i<n&k<n;a, - ,a; €S}

We note that w € S} can be written by a bounded formula (w.r.t u,i and
w.) We can write this by a bounded formula I'(w,i,u): (see page 313 of [6]

for the notation)

Term(w) AVy < w{SubW B(y,w) — 3j <i(¢(j,y) V é(j,y)) VIp1, - ,pp <

y3j KU <nly = fo (D1, o) ASUbW B(py, w) A- - - ASubW B(p, w)]} &

Evu s, W(Hﬁ < i((r, Vel ) — 3z Sy w{Fja < i(p(ja, 2)VH(ja, 2)) A
u Cp 2AIX Cwllh(X) S un(X) = woAVa(z € X — Fj,k, 1 < n(x = fi7))A
Iry, e < ’LU((X)Zh(X)—l(?”h 2 ) G w) AYG < Ih(X)3Ip1, - ,pn <

wdg, g < w{(Xsla o (Xpnr ) S ul}).

(We note that z C, y and x C y are bounded formulae, see [6] page 312.)

The first two lines of this formula says that w is a (closed) term constructed
from {co, -, ¢;, 20, - - z;} (instead of variables.) And the second part guaran-
tees that w € S}*: the subsequence X is a sequence of Skolem function symbols
such that (X);(q1,- -+, (X)j41(p1,...), -+ ) Cp w, so starting with z[= ¢, Vzj,],

we can write

w = (X>0( .. >(X)lh(x)—2("' 7(X)lh(X)—1(r17“' ,Z---),-~-),- )

So, the term w is constructed from z by closing it up to the [h(X)-th fold,
note that (A(X) < u. If we can find such a z for every u C, w then we can

infer that w € S}*. (Its construction fold is at most u.)

For terms v,w define the operation Move,,, on terms be defined by the
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term-rewriting rules:
- [ o1 =G
S f2sw
B w

- fi(¢g) = o)

- f%q(cju T >ij) = Com (g1, jm)

That is the term f; is mapped (under Move, ,,) to ¢;, the constant fZ is
mapped to v and f§ to w, also for any 1 < ¢ < m the term f}(¢c;,, - ,¢j,) is

mapped to cg,jy . j,)-

The accurate definition can be written similarly to that of Move in Chapter
3. (In a similar way, the definition of Move,, can be extended to all other

terms.)

The operation Move, ,, is very similar to Move in Chapter 3, with the
difference that we do not know (yet) which terms v,w should be fixed for
playing the role of “the (-code of the sequence (Zy, Zy,- -+, Z;)”. They (x,y)

are found in lemma 4.2.3 below.

Similar to Chapter 3, we note that t = Move, ,(u) can be written by a

bounded formula w.r.t. t,u,v and w.

We assume both (code of) A and ¢ are non-standard, the other cases are
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discussed at the end.

Lemma 4.2.1 1) For u < —log?i, the set Sy exists (in M.) That is

W Ve(r € ¥« T'(z,i,u)).

2) For any v,w € S}* where u < ﬁlog%min{/\,i}), there is a set Ay (in

M) such that Vt{t € Ay < Fz € At = Move, ,,(z)]}.
In other words, Move, ,,(A) = Ay exists, when v, w € S foru < n+r1 log®(min{A,i}).

3) Moreover with the hypothesis of 2) there exists a set Bf with the property

that Vo{x € B < v, w, t[[(v,i,§) AT(w,i,7) At € Az = Move, ,(t)"]}.

(Informally speaking, B! = Uv,wesj Mowve, ., (A).)

7

Proof. 1) By an argument similar to lemma 2.3.1 in Chapter 2 and the
proof of lemma 3.3.2 in Chapter 4, it can be shown that there is a natural D

such that ¢;, Z;, U; < D7 for any j > 1, with j < 4.

Let L = 64™-code(f7™)-code(“(”)-code(“)”). (We may assume that code(f"")

is the maximum of {code(f\’ | 1 < j,0<n & k<n)}.)

And C(j, ) = 200 (=@ (Lipie (@ o <y
Note that since u < n%l log?(min{A,i}), the value C'(u,7) exists.
By induction on 5 < w it can be shown that
< C(u,9)[E < C(5,4) AVa{z € ¥ — I'(z,4,5)}].

(We note that all the quantifiers of the explicit form of the above formula

can be bounded by C(u,1).)
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We briefly sketch the induction step: intuitively (informally) the number
of a’s satisfying I'(z, j + 1,4) are < n®|S?| +n?|S?| +n3|SI2 +--- +n?|S!|" <

n?S7|" 1, and also those z’s are < L - [maz(S?)]".

If we add more information about Sij to the induction hypothesis, namely

3(7“”2”71

max(S?!) < L7 - (D¥)”, and |S?| <n )(2i)" 1Y then we conclude the

. +1
existence of S as follows:
n—times U

Put A =S7US/ xSTU---USI x...x 8.
N————

n—times

We have (z1,- -+, z,) < (2™ + D)u?" + 1, for 21, , 2, < u (m € N).
So, maz(Al) < (2™ 4 2) (maz(57))*" < (2™ 4 2)(L/D* 2",

Now let the bounded formula ¢(z,y) be \/, ., [371, -, xp{z = (21, -+, Zm) A

S0y T0 UV >

[The intentional meaning of ¢(z,y) is z € A — y € S/t ]

So, we have Yw < (27 4 2)(L/D”")2" 3y < L - [L7 - (D*)" "o (w, v).

Hence the existence of S follows from II) in page 19; and by I) in the

same page, we can write:
SIT < (25(maa(S7T))A)IST < (25(L- [max(S))]m))M IS < O3+1,4).

2) For v,w € S* and y € A, (maz(S*))°s® < (L*D""" )\ exists, so

Mowe, ,,(t) exists by 5) in page 18.

Since also ((L*D*"")eA 4 2)IAl exists [ here the fact u < L log®(min{A, i})

is used | then by II) in page 19, Move, ,,(A) exists.
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3) In the upper bound (L*D”"")A for Move, ,,(t) given above, v and w do

not appear. So, this bound is uniform on S}. Hence we have
Vo, w € SVt € Az < (L*DP™ )Mz = Move, ,(t))].

Now, with an argument very similar to that of 1) by using II) page 19,
we can conclude the existence of B{ having the property Va{z € Bf —

Fu,w, tlv,w € S At € Az = Move, ,(t)"]}.
Also by I) page 19, we can have an upper bound for its code:

sz <4. 98|B]| . (max(Bf))mBz' < 4. 98NS (LuDi2n’u)2CA|A||5’m2 <

(n+1)% -1 (n+1)% -1

§4_28A(n3( n )(2i)(”+1)u)2(LuDiQn“)QcAQ(nS( (202 g

Lemma 4.2.2 For non-standard i and (the code of ) A, there is a non-standard

j such that S} U B! is admissible.

Proof. Take a non-standard j < %Hlog%mm{/&,i}). So, by III) in page
19, we have SfUBf §64-Sf-15’f <

nt1)) -1 j . n+1)d -1 -
e )(Qi)(n+1)J)2(LjDisz)QcAQ(nS(( ) (21 (nt 17 )2

< 64-C(j,i) - 4- 2800
It can be seen that the F' of the right-hand-side of the above inequality exists,
for any j with j < —< log?(min{A,i}). O

Let A’ = S/ U B/ for a non-standard j < %HlogQ(min{A,i}) (see the

previous lemma.)
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Hence by the assumption HCon(a) (since A’ is admissible) there is an

a-evaluation ¢ on A’.
In particular ¢ is defined on K’ = J, oy SF-
Define the equivalence relation ~ on K’ by x ~y <= ¢z =y|] =1,
and let K = {[a] | a € K'}.
It turns out that K = « with the interpretation induced from ¢ (by the

definition K |= ¢(ay, -+ ,a) if M |= “q[p(ar,--- ,a;)] =17, c.f. Chapter 2.)

Lemma 4.2.3 There are x,y € K’ such that K = ®([x], [yl [ci]) and the

evaluation q satisfies all available Skolem instances of ®(x,y,c;) in A.

Proof. (c.f. proof of lemma 4.5 in [1]). Let k& be the maximum [ € K
such that K |= 1 < [¢;] A 22 < [Z] (by BME(22" < y) such a k exists).
So the sequence (2,22 ... ,22k> has a f-code in K. (By the lemma 4.1.1,

K = “a 8 — code of (22,27 ... ,222k>” <A{w([Z])}")
We show K =k = [¢].

Suppose (a,b) is a (-code of the above sequence in K. Write a = [x] and

b= ly] for x,y € S for a natural n,.

By lemma 2.2.1, since a Vm,yEIs,r(x >y—c=y(s+1)+rAr< y),

we have M =V <ids,rqx = (s +1)(ycj41 + 1) +r Ar <ycj] =1".
Let the corresponding s,r for j be g;,r;.

(That is M = “q[x = (¢; + D)(ycjr1 + 1) + 7 A1 S yeja] =17)
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Moreover since a’,b' € S and ¢;;; € S} for j < i, then ¢;,7; can be chosen

such that g;,r; € SI°™™ for a natural n; (given by lemma 2.2.1. Note that by

(2

Al4 and A15, if ¢,d € S! then ¢ +d,c-d € SI™))
Hence (g;,7; ;j <1i) is Ag-definable in M.
So q[x = (g¢j + 1)(ycjs1 + 1) +r; Arj <ycip1] = 1, and then
K = a=(lg;] + 1)(blej] + 1) + [r] Alrs] < blejia]-
By induction on j < k (in M) we show M = “qr; = Z;] = 1":

For j = 0, since K = [Zy] = ¢a = [ro] (by the uniqueness of the division

theorem) then q[ro = ¢y = Zy] = 1.

For j + 1, we have K = [Z;41] = ([Z;])%, by the definition of Z's, and
since by the induction hypothesis ¢[r; = Z;] = 1 then K = [rj] = [Z;] so

K = [Zjn] = (1Z3])% = ([r;])? = [rj41], hence ¢[Zj11 = 7j11] = 1.

In particular K |= [r] = [Zi], we also note that K | 22° = [ry] by the

definition of 7.
Now if K =k < |[¢], then K Ek+1 <[¢], so

K= 22" = (222 = ([r)? = ([Zk)? = [Zisa] < [Zi], contradiction by

the choice of k.
(We note that G F Va(z < 2?).)
So K =k =[¢;] and K = @([x], [y], [ci]).

Let ¢, = £ (qw)-
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Thus q satisfies
q. =S@g)ANx=q,-S(S(ck) y)+re A < S(c) -y
and rp11 = g - 1k, for any k < i.

So for showing that ¢ satisfies ®([x], [y], [¢;]) it is enough to show that for
any terms Q,Q',Q", R, T,T7',5,5 in A\’

if ¢ satisfies Q' = S(Q)ANQ" = S(Q)ANT =cpy1 -y NT' = S(T)NS =
Q -T'"Nx=S+RAR<TANS =S+T thenq|Q =g ANR=ri] =1.

(We note that the conjunction of all that formulae means x = ((cx + 1)y +

D@Q+1)+RAR< (e + 1)y.)

Or in other words ¢ satisfies the uniqueness in the division theorem, since

q already makes x = qx((cx + 1)y + 1) + 1511 Arp < (cx + 1)y true.

[In this part of the proof, like in the Example 2 of Chapter2, we use the

existence of the terms Q”, f"'(¢,)(= S(q})), S’ and ¢} - T' + T"]

If gg; = Q'] = 0 then either g[f,"(¢}) < Q] =1 or ¢[Q" < ¢;] = 1 by A19

(note that f"'(q,) € K')

case 1) ¢[Q" < q;] =1,

we have ¢[T' < T'] =1 by A7 and A12, so ¢|R < T'] = 1 by A4 and A12 ,
hence ¢[x < Sl =1 by Al7,also ¢[S"' = Q" T =1by All, ¢[5 < q,.-T'| =1
by A8, and ¢[g, - 7" < x] = 1 by A18 and A22, so ¢[x < x] = 1 by A4, and

this is contradiction by A3.
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case 2) q[f1" (q}) < Q] =1,

similarly ¢[ry < 7] = 1, so ¢ satisfies x < ¢, - T"+ 71" =1T"- fl(qfc) <

Q' -T' <@ -T'+ R = x, which leads to contradiction.

So, q[¢, = Q'] =1 hence ¢q[r, = R| =1. O

Fixing the terms x,y as in the above lemma, define the evaluation p on A

by ple(as, -+, @)] = qlp(Movex y(a1), - - - ,Movex y(a;))] for any atomic ¢.
It can be shown that the above equality holds for open formulae ¢ as well.

We show that p satisfies all the available Skolem instances of aU{3x € I 0(z)}

in A:

1) p is an a-evaluation, since ¢ is so and the operation Move has nothing to

do with the Skolem functions of «.

For the Skoelm instance ¢(t1, f;”(t1), -+ ,te, fo”(t,...,tx)) of the j-th

axiom of o, plo(ty, fi7(t1), -+ tw, 27 (tr, . 1)) =
qlo(Moveyx y(t1), Movexvy(fll’j(tl)), -+, Movey  (ty), Movexvy(f,i’j (t1,...,te)))] =
qlo(Movex y(t1), fll’j (Movexy(t1)), -, Movex y (tx), f,i’j(Movexy(tl, Sote))] =1

2) p satisfies all the available Skoelm instances of 3x € I 6(x) in A:

21) p[@(fg,fg,folatl, T 7tk)] =

q[®(Movex y (f3), Movex y (f3), Movex y(f3), Movex y(t1), -+, Movey y (tx))] =

q[P(x,y, c;,Movexy(t1),- -+, Movex (1)) = 1
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since by lemma 4.2.3, ¢ satisfies all the available Skolem instances of ®(x,y, ¢;)

in Moveyy(A) then the latter equality holds.

2.2) by lemma 3.1.1 for any term ¢ and any k < 4, if p[t < ¢;] = 1 then
plt = ¢;] =1 for some j < k. So for evaluating 0(x) it is enough to consider

Skolem instances like O(f}, c;,, f1(ci)s 5 Cins FL(Cirs 5 Ci0)):

p[g_(f()l>cj1a fll(cj1)7 T ’ij7f711<cj17 s 7ij))] =

q[Q_(Movexy(f&), MOUeX,y (Cj1)7 MOU@X,Y(fll (Cj1 ))7 Tty MOU@X,Y(%m)? MOUeX,Y(frlerjl? =

q0(Ci, iy Cor()s s Cjoms CamGitsni))] = 1

the latter equality holds by M |= 8(i, 51, 91(1), -+ + s g1, - - -+ jim)) and

lemma 3.1.1.

The assumption “(the code of) A and i are non-standard” is used (only)

in Lemma 4.2.2. If one of them is standard (and the other one non-standard)

-1

P logz(maﬁ{f\,i})) can show

then a very similar argument (With the j <

admissibility of A’ = S UB/.

If both A and 7 are standard, we note that in the standard model N, the
proposition HCon(a) A Jz € I 0(x) — HCon®(“Jx € I O(x)”) is satisfied,
and in a non-standard model (say M) any non-standard j € log®(M) does the

job (i.e. S U B! is admissible.)

This, proves the proposition.

3 Ci)))]



Chapter 5

Relations to Earlier Results

And [Godel’s Second Incompleteness Theorem] has been taken to imply that
you’ll never entirely understand yourself, since your mind, like any other
closed system, can only be sure of what it knows about itself by relying on

what it knows about itself.

Jones and Wilson, An Incomplete Education

5.1 A Solution to Adamowicz & Zbierski’s Pro-

belm

Adamowicz and Zbierski [1] code Skolem terms in a completely different way
(see [1]) and define evaluations on special set of terms, sets like [0,1;) = {a | a <

I;} for an i € log®, where [; is a IA¢-definable function on (its domain) the cut

66
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log®. And Herbrand Consistency of a theory T is defined as:
“For any i € log® there is an T-evaluation on [0,[;)”.

There, code of an evaluation on [0,[;) is roughly bonded by QU3 and

9213+312

since I; < 22 then, in presence of (s, exists for i € log®, so all the

possible evaluations on [0, ;) are available.

Satisfaction of a formula by an evaluation is defined by an entirely model-
theoretic way (denoted by p IF ¢.) Every set like [0,[;) is a Skolem hull of a

theory 7" and evaluations are estimations of a (potential) Herbrand model.
In [1] the authors ask:

Assume p | ¢ for a T-evaluation p on [0, ;). Does there exist an evaluation

q on [0,[;), where j < ¢, such that ¢ IF —¢?
Now we give a negative answer by Example 1.
First we note that, for any i and p an evaluation on [0, ;):
— for Vi-formula Vz A(x), pl-VeA(z) iff for all @ < I;_41, p[A(a)] = 1; and

— for 3y-formula JzB(z), p IF JzB(z) iff there is a b < [, such that

p[B(b)] = 1, where m is the code of JzB(z).

Take an arbitrary i € log® and define the evaluation p on E; by {¢ | p[¢] =
1} = {F(z,y) | 2 < li_y and y = SPNz) fora k < i} U{G(z,y) | = <

liy and y = SP?(x) for a k < i} U{R(z) | £ < Lis} U{S(x) | iy <z < L;}.

Let ¢ = VzR(x), so p is an E-evaluation such that p I ¢.
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Let n be the code of = = Jx—R(z), we claim that for any j > n+4 there

is no E-evaluation on [0, ;) which forces (satisfies) ¢ .

Assume ¢ is an E-evaluation on [0,[;) such that ¢ IF -y, so there is a
b < I,y such that ¢[R(b)] = 0, then since SJ'(b) < l,4s < I; we have
q[F(b, S7'(b))] = 1 by A1, then ¢[R(b) vV S(S7'(b))] = 1 by A3, and so by
the assumption we get ¢[S(S7"(0))] = 1, also S*(S7' (b)) < l,44 < 1;, then by
A2 we have ¢[G(S?"(b), S7°(S71(b)))] = 1, so ¢[S(S7(b))] = 0 by A4, and this

is a contradiction. So there is no such a q.

This, for n4+4 < j < i, gives a negative answer to Adamowicz and Zbierski’s
question. We note that the question is interesting (and makes sense) when i

and j are taken to be non-standard.

5.2 A Generalization of Adamowicz’s Theo-

rem

In the rest of this Chapter, we show Godel’s Second Incompleteness Theorem

for Herbrand Consistency of IAq 4 €21, by use of Adamowicz’s theorem.

In [2] Adamowicz has shown that:

Proposition 5.2.1 There is a bounded formula 0y(x) such that

IAg+ Q + Fz € log?0y(x)  is consistent,
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but  ITAg+ Qi + 3z € log30y(x)  is inconsistent.

So we can get the following corollary

Corollary 5.2.2 There is a finite fragment of I Ag+$1, say Gy, and a bounded

formula 6y(z) such that for any finite theory o C IAg + Qy extending Gy,
a+ 3x € log*0y(x)  is inconsistent,

but o+ 3z € log*0y(x)  is consistent.

We prove the following:

Proposition 5.2.3 There is a fragment of IAg+$1, say G, such that for any

finite theory a extending G, and for any bounded formula 6(z),
if «a+3dr €log*d(z) + HCon(a) is consistent,

then a4+ 3z € log®0(x) is consistent too.

Then, similar to [2] we get

Theorem 5.2.4 There is a finite fragment G U Gy of [Ag + Qy such that for

any finite theory o C IAg + € extending G U Gy, we have ot/ HCon(«).

Proof. If a + 3z € log*0y(x) + HCon(a) were consistent, then o + 3z €
log30y(z) would be consistent by theorem 5.2.3, but this is contradiction by

corollary 5.2.2. So a + Jz € log*0y(z) + HCon(a) is inconsistent, and since
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a+ 3z € log®0y(x) is consistent then o + Iz € log®0y(x) + —Hcon(a) must be

consistent, in particular o + ~HCon(«) is consistent. [

This marvelous proof was originated by Adamowicz [2], who proved IAq +
Oyt HCon(IAg+ Q) by model-theoretic methods without basing on Godel’s

diagomalization lemma.

5.2.1 Skolemizing z € log®
Let Uy(z,i) =V <2Vy < 2Vj < i{(z,y) =2 — x> (i+ 1)y + 1A

N2, y,0) = 4N By, 5 +1) = wi(B(x,y,7))}-

The formula Wq(z,7) states that z is a (/3)-code of a sequence whose length

is at least 1+ 1, and its first term is 4 and every term is the w; of its preceding
2 [

term. So such a sequence looks like: (22,2222 ... 22 ). (c.f. Chapter

3)
We can define the cut log?® as: x € log® <= F2V,(z,x).
An upper bound for a 3-code of (22,22, 2222, - ,222i> can be like:
b= i122" < 9292

a <i- [l (j0+1) (27 ib+1) <222 (22)i 3.9 < 9i.92 3.

927 922"t _gi g2 g 927 wl(QQZi),
so z = (a,b) < (w1(222i))7. (c.f. Chapter 4.)

Similar to lemma 4.1.1 in Chapter 4, it can be shown that:
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Lemma 5.2.5 IAg+ O Vz,i(z > 92" _, Ela:\Ifl(x,z'))

Assume the next axioms of IAj + 2 (in addition to A) are:

A'13. VzIy(y = wi(x))

Al4d. Vr,ydz“z=x +y”

A'15. Ve, ydz“z =x -y’

The formula y = w;(z) is bounded, suppose it has the form

Vo, < a3y < B Vem < amIm < Bl (2,9, 21, Y1, Ty Y )-

So the normalized form of A’13 is

VoIy¥a, < a3y < Bi Vo, < anIm < B (T,9, 21, Y1, 3 Ty Y-

Fix the terms wy = ¢4 and wj; = fll’ls(wj), for j < i, where i € log? is

given.

Existence of (the codes of) those terms and the set containing them can be

shown in a similar way that is shown in Chapter 2.

Recall that fl1 1% 45 the function symbol for A13, so the intended interpre-

tation of w; is, informally speaking, w; 1 = wy(w;).

Let G be a finite fragment of IAg + ; containing A + A’13 such that
lemmas 3.1.1, and 5.2.5 as well as BME(222£ < y) and DIV (also the statement

Va{z < wy(z)}) can be proven in G. (c.f. Chapter 4.)
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5.2.2 The Proof

Let a be a finite subtheory of IAg+€; extending G, and take a (non-standard)
model M | o+ HCon(a) +i € log® A 0(i) where i € M (we can assume i is

non-standard, as for the standard case the result is obvious.)
We will construct a model K = o + 3z € log®0(x).

Without loss of generality we can assume o = {T3,---,7T,}, with the

Skolem function symbols {ff’i | 1<i,7,k <n}.
Let S? = {co, -, ¢, wo, -+ ,w;}, and inductively

Sutl — S}‘U{ff’i(al,--- ca;) |1 <45,k <njoay,---,a; €SP} (cf

Chapter4.)

The next lemma was actually proved in Chapter 4:

Lemma 5.2.6 For non-standard v, there is a non-standard w such that S}* is

admissible.

So there is an a-evaluation p on S}, for a w whose existence is proved in
the previous lemma, in particular p is defined on K’ = J, o Sk

Define the equivalence relation ~ on K’ by x ~y <= plz =y] =1,

and denote its equivalence classes by [a] = {b | a ~ b}.

Let K ={[a] | a € K'}. Put the L-structure on K by

K ): ¢([a1]7 T 7[al]) it M ): “p[(b(alv"' 7al] =17,
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for atomic ¢ (and [ < 3.)
This is well-defined and the above equivalence holds for open ¢ as well.

Moreover if p satisfies all the available Skolem instances of ¢ in A’ for an

arbitrary ¢, then K = ¢. Hence we know that K = « (see Chapter 2.)

Also by lemma 3.1.1 we have K = 0([¢;]).
Lemma 5.2.7 K | 32V, (z, [¢]).

Proof. Let k be the maximum [ € K such that K =1 < [¢] A 92? < [wy]
(by BME(22"" < y) such a k exists). So the sequence (22,22° ... ,222k> has a
B-code in K. (By the lemma 5.2.5, K = “a 3 — code of (22,2% ... ,222k)” <
{wi([w])}")

We show K =k = [¢].

Suppose (a,b) is a f-code of the above sequence in K. Write a = [a/] and

b =[] for a’,b' € S;" for a natural ny.
By lemma 2.2.1, since o - Vz, ydq, r(m =yq+rAr< y), we have
M =Vj <idgq,repld =qblcjsi+ 1) +rAr <Vej]=1".
Let the corresponding ¢, to j be g;,r;.

Moreover since a’,b' € S and ¢;41 € S} for j < i, then g;,7; can be chosen

such that gj,r; € SP°*™ for a natural n; (given by lemma 2.2.1. Note that by

(2

A'14 and A'15, if ¢,d € S! then ¢ +d,c-d € ST)
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Hence (g;,7; ;j <) is Ag-definable in M.

So pla’ = qj(b'cjy1 + 1) +1; Ar; <Vejpq] =1, and then

K a=[g(blejsa] +1) + [r] A ] < bejaa]-

By induction on j < k (in M) we show M = “p[r; = w;] = 17:

For j = 0, since K | [wy] = ¢4 = [ro] (by the uniqueness of the division

theorem) then plro = ¢4 = wp] = 1.

For j 4+ 1, we have K = [wj11] = wi([wy]), by the definition of ws, and
since by the induction hypothesis p[r; = w;] = 1 then K = [r;] = [w,] so

K [wjn] = wi([wy]) = wi([ry]) = [rj31], hence plw;jq = rjpn] =1.

In particular K |= [rg] = [wg], we also note that K |= 92" [rx] by the

definition of ry.
Now if K =k < [¢], then K = k+ 1 <|[¢], so

K E G2 _ w1(222k) = wi([re]) = wi([wi]) = [wrs1] < [wi], contradiction

by the choice of k. (We note that G - Vz{z < wi(z)}.)

Thus K =k = [¢] and K = Uy({a,b),[c¢;]). O

So K | [¢] € log® A 0([c;]) or K |= 3z € log®d(z). This finishes the proof

of the theorem since a + 3z € log®0(x), having a model K, is consistent.
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