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1. Preface

The general topic of the thesis are nonstandard models of weak theories of arith-
metic and their links with problems in computational and proof complexity. The
qualification “nonstandard” means that the structure is not isomorphic to the
structure of natural numbers (in a particular language), the so called standard
model. The qualification “weak” means that the induction axiom scheme (or
some related axiom scheme) is restricted to some subclass of bounded formulas.
The links with complexity theory stem form the facts that bounded formulas sat-
isfying various additional particular restrictions define sets in various important
computational complexity classes and that proofs of bounded formulas in weak
theories can be translated into families of efficient propositional proofs. Introduc-
tions in Chapters [2| and |3| offer more specific and detailed overview of the topic
and of the particular issues we tackle.
The thesis is formed by two papers:

e A New Proof of Ajtai’s Completeness Theorem for Nonstandard Finite
Structures, Archive for Mathematical Logic 54(3-4), (2015), pp. 413-424,

o Construction of models of bounded arithmetic by restricted reduced powers,
submitted to Archive for Mathematical Logic,

that are included as Chapters 2] and [} and by Chapter [] that is a draft of a
future paper. In the last chapter we add a few concluding remarks on possible
lines for future research. Each chapter has its own bibliography.



2. A New Proof of Ajtai’s
Completeness Theorem for
Nonstandard Finite Structures

This chapter is formed by paper “A New Proof of Ajtai’s Completeness Theorem
for Nonstandard Finite Structures” published in Archive for Mathematical Logic.
It is identical to the original version except the numbering of definitions and
statements.



A New Proof of Ajtai’'s Completeness Theorem
for Nonstandard Finite Structures

Michal Garlfk
Faculty of Mathematics and Physics

Charles University in Prague

Abstract

Ajtai’s completeness theorem roughly states that a countable structure A coded in a
model of arithmetic can be end-extended and expanded to a model of a given theory
G if and only if a contradiction cannot be derived by a (possibly nonstandard) proof
from G plus the diagram of A, provided that the proof is definable in A and contains
only formulas of a standard length. The existence of such model extensions is closely
related to questions in complexity theory. In this paper we give a new proof of Ajtai’s
theorem using basic techniques of model theory.

2.1 Introduction

It is well known that various statements of complexity theory can be equivalently
expressed in terms of mathematical logic, and model theory in particular. Some
of these model-theoretic statements have a similar form asserting the existence
of certain extensions of first-order structures. Let us mention informally three
specific examples, all discussed already in detail in [3] (we refer the reader there
for details of these equivalences).

Call a structure with a finite signature nonstandard finite if it is coded in a
nonstandard model of true arithmetic and is countably infinite. The statement
that parity is not in AC? is equivalent to the statement that there are non-
standard finite structures containing a unary predicate whose size is odd in the
original nonstandard model coding the structure but the same structure can be
encoded in another nonstandard model which thinks that the predicate is of even
size. The statement that the pigeonhole principle has no polynomial size proposi-
tional proofs in constant depth Frege systems is equivalent to the statement that
every nonstandard finite structure has an expansion by a function violating the
pigeonhole principle while satisfying induction for all definable sets. Finally, the
statement that the class NP is not closed under complementation is equivalent
to the existence of a non-3-colorable nonstandard finite graph such that any non-
standard finite structure on its vertices expanding the graph can be extended to
a nonstandard finite structure containing a 3-coloring of the graph.

*Supported by grant GAUK 5732/2012 and in part by grant TAA100190902 of GA AV CR.
A part of this research has been done while the author was a visiting fellow at the Isaac Newton
Institute in Cambridge (programme Semantics and Syntax) in Spring 2012.

4



Note that Ajtai’s original proofs of super-polynomial lower bounds for con-
stant depth circuits for parity (Ajtai [1], independently also Furst, Saxe, Sipser
[6]) and for constant depth Frege proofs of the pigeonhole principle (Ajtai [2])
proceeded by establishing first the equivalent model-theoretic statements. It is
thus of great interest to understand when such extensions can be constructed.
Ajtai [3] and [4] formulated a theorem that can be understood as a completeness
theorem for the existence of similar extensions-expansions (see Section [2.4| for the
statement). Published version is [3], Ajtai has made available to us [4]. The new-
er version adds more details to the original version [3] making some assumptions
used in [3] explicit now; see also our comments on the A-rule after Theorem [2.9]

Even though for proving lower bounds these models are usually built by some
other methods and then only the principle behind the soundness direction of
Ajtai’s theorem is used, it might also prove useful for future constructions to
keep in mind the completeness direction of the theorem, as such constructions do
not seem to be trivial to find. In this paper we give a new (and simpler) proof of
Ajtai’s theorem, which relies on basic techniques of model theory.

2.2 Preliminaries

Definition 2.1. Let Lo(exp) denote the first-order language of arithmetic with
symbols <, +,-,0,1,2% where 2” is a unary function symbol. A bounded quanti-
fier is a quantifier of the form Jx <t or Vo < ¢, where ¢ is an Lg(exp)-term that
does not include x. A Ag(exp)-formula is a formula in the language Lo(ezp), in
which all quantifiers are bounded. IAg(exp) will denote the first-order theory
in the language Lo(exp) with the following axioms: the axioms of Robinson’s
arithmetic @, 2° = 1, 2@+) = 22 1+ 27 and induction for all Ay(exp)-formulas.
We define x € y by the formula

FJu<yIw<2®y=u-2"T 427 4 w.

Let BC M = IAg(exp) and b € M. We will say that b codes B in M if for each
re M,

reEBs MEzxzehb.

Note that bounded Ag(exp)-comprehension holds in IAg(exp), that is, for each
Ag(exp)-formula p(z, 2), IA¢(exp) proves

Vrdy < 2Vu < z(u € y <> p(u, 2)).

Hence a subset of M which is not cofinal in M is Ag(exp)-definable in M if and
only if it is coded by an element in M. See [7] for details on the theory IAq(exp).

Definition 2.2. Assume that M is a model of IAy(exp) and let @ € M. Then
(a, <) will denote the structure which has universe {m € M | M = m < a} and
whose only relation < is the restriction of the ordering in M to this universe.

Definition 2.3. Assume L is a first-order language containing a constant symbol
a. Let ¢ be an L-formula. Then ©=% is the formula we get by replacing every
occurrence of Vz, dz in ¢, where x is a variable, by Va < a,dz < a, respectively.
If J is a set of formulas, J=% denotes the set {p=% | ¢ € J}.
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Definition 2.4. Assume L is a first-order language and A is an L-structure.
L(A) will denote the language we get from £ by adding new constant symbols a
for each a € A to L. Thy(A), the theory of A, denotes the set of all L£-sentences
true in A. Let A, be the structure we get by expansion of A to £(A) such that
for each a € A the constant symbol a is interpreted as a. The atomic diagram of
A, which will be denoted by diag(A), is the set of all atomic and negated atomic
sentences in the language £(A) that are true in Ay4.

2.3 Proofs Definable in a Structure

Let H be any logical calculus for predicate logic, e.g. Hilbert-style calculus as
defined in Chapter IV of [9]. Proofs in H can be thought of as finite trees whose
nodes are labelled by formulas. The label of a node and the labels of its immediate
successors form the conclusion and premises of either the rule modus ponens or
the generalization rule. We are going to generalize the notion of an H-proof by
allowing possibly infinite proof trees definable in a structure.

Suppose that L is a first-order language containing a finite number of relation
and function symbols and A is a set, |A| > 2. Let symb(L) denote the set of
symbols of L, that is relation and function symbols, symbols for variables, boolean
operations, the existential and universal quantifiers, left and right parentheses
and comma. We will want to represent the symbols of £(A) by the elements of
a cartesian product A’ where i is a positive integer. So assume that for some
positive integer i, symb(L) forms a subset of A* \ {{(a,a,...,a) € A" | a € A}
and each symbol a is identified with the constant i-tuple (a,a,...,a). Of course
if A is finite there are only finitely many variables represented in this way in
A'. Tt would be easier to assume that A is infinite but later constructions do
not need to assume that and we want to maintain maximal generality in this
respect. Therefore for every j > ¢ we also consider an extended representation
of the symbols of £(A) that will be denoted by symb\4)(L£(A)), such that the
symbols of £L(A) in A" are naturally embedded in A’ in the following way. An
element (aj,...,a;, a1, ..,a;) is a non-variable symbol of symbU4(L(A)) iff
{ai,...,a;) is the corresponding non-variable symbol in A’ and a; = a;1, = ... =
a;. An element (ay,...,a;, a1, ..,a;) is a variable symbol of symb4) (L(A)) iff
{a,...,a;) is a variable symbol in A’. Thus we have |A]"~ times more variables
in symbWA) (L(A)) than in A’

Definition 2.5. Let (P, <) be a partially ordered set and a,b € P. We say that
b is a successor of a if a < b and there is no element ¢ € P with a < ¢ < b. We
say that b is a predecessor of a if a is a successor of b.

Definition 2.6. Suppose that IC, £ are first-order languages, each containing a
finite number of relation and function symbols, L C L, K contains a binary
relation symbol < and a constant symbol a. Assume that A is a K-structure
whose universe is linearly ordered by < and a is the largest element with respect
to <. Suppose that G is a theory in L(A). Let g, k, [ be positive integers, T C A9,
<7C A% and © C AT We say that P = (T, <p,0) is an HW -proof from G
with formula length [ if the following conditions are satisfied:

(1) The relations T, <7, © are definable in A.
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(2) (T, <r) is a partially ordered set such that

e there exists an element O in 7" and T' = Va 0r <r a,

e TEVabycla<rcANb<rc—a<rbVb<ra).
(3) symb(L(A)) C A" for some positive integer r, and r < k.

(4) The relation © is a function from T to A i.e. we can write

O(ar,...,ag) = (g1, ..., ag1m) if O(ay,...,aq age1, ..., Ggrn)-

(5) If (a1, as,...a4m) € AT and O(ay, ag, ..., a444) then for every integer
t=20,1,...,01 —1 we have

(Qgtkitt, Qgikita - - Qgikivk) € Symb(k’A) (£(4))

and the sequence {(ag4kit1, Agikit2 - - - aq+ki+k)}ﬁ;é is an L£(A)-formula (pad-
ded on the left to length [ using the symbol “” of £ to accommodate all
L(A)-formulas of length at most 7).

(6) If ¢ € T and the set S of its successors is nonempty then one of the two
following conditions holds:

(i) |S| < 2 and the formulas assigned by the function © to ¢ and its
successors are formed according to an inference rule of H, i.e. by
modus ponens or generalization.

(ii) There exist (as,as,...,a,) € A9 and an L(A)-formula ¢(z) with one
free variable such that S = {(a1, as,...,a,) | a1 € A}, for every a; € A
we have O(ay,as, . ..,a,) = ¢(a;) and O(¢) = Vo < a ¢(x). In this
case we will say that Vo < a ¢(z) was derived from {p(a;) | @ € A}
by the A-rule.

(7) If € € T is a maximal element with respect to <, then ©(¢) is an instance
of an axiom scheme of H or a sentence from G.

Remark 2.7. If T is a finite set, then (T, <r) satisfying from the previous
definition is a finite tree. Without further restrictions on (7', <7) considered
in this definition it may happen, for example, that it contains a non-maximal
element without any successors, preventing the proof from being sound. These
problems will be resolved by assuming that the structure A has certain finiteness
properties.

2.4 Ajtai’s Completeness Theorem

Definition 2.8. Assume that IC, £ are first-order languages, X C L, K contains
a binary relation symbol < and a constant symbol a. Suppose that A is a K-
structure such that < is a linear order on A and a its largest element with respect
to <. We say that an L-structure B is an expanded end-extension of A if it meets
the following four requirements:



(1) B is linearly ordered by <.

(2) The universe of A is a subset of the universe of B and for every b € B,
BEb<aiffbe A.

(3) For all k < w, for all by,...,b; € A and for every k-ary relation symbol R
in K we have A |= R(by,...,bg) iff B = R(by,...,bg).

(4) For all k < w, for all by, by, ...,bx € A and for every k-ary function symbol
fiIlICWG have A ):f(bl,,bk) :bo iff B |:f<b1,...,bk) :b().

Assume further that G is a theory in £. We say that G has a model over A
if there exists a model B of GG such that B is an expanded end-extension of A.

The following theorem is essentially Ajtai’s theorem from [4] formulated in
our terminology.

Theorem 2.9. (Ajtai [4]). Suppose that

(x) M | IAg(exp) and a is a nonstandard element of M such that the set
{b € M| M [ b < a}is countable. Assume that A is an expansion of
(a, <) to a first-order language K containing a finite number of relation and
function symbols such that every function and relation of A is coded by an
element in M. Also, let a be a constant symbol of I naming the element
a.

Suppose further that £ O K is a first-order language containing a finite number
of relation and function symbols and G is a theory in £ such that the following
conditions are satisfied:

(1) G F“<is a linear order”,

(2) There is a set G coded by an element in M such that G NN is the set of
Godel numbers of the sentences from G.

(3) G FVu [z < ap(r,u) — 3z < a [p(x,u) ANVy < x —p(y,u)]] for every
L-formula p(z,w).

Then the following two statements are equivalent:

(I) There exists a positive integer I and an H*)-proof of a contradiction from
diag(A) UG with formula length [.

(II) G does not have a model over A.

Our setup of the theorem is very close to Ajtai’s but there are some slight,
cosmetic, differences. For example, we have A ordered by the ordering inherited
from M whereas in [4] the ordering is only required to be definable in M, or,
in the definition of “having model over” we have the end-extension requirement
whereas in [4] there is a new unary predicate U in the language £ which holds in
the extended model exactly of the elements of A.



The only substantial difference in our formulation of the statement is the
explicit inclusion of the A-rule. A form of the A-rule appears in Ajtai’s proof in
[4] as well. It is derived there by a repeated use of the cut rule and the assumption
that there is a function which maps an element of the structure to be extended to
its predecessor. But this assumption (on the theory GG), or some similar one, is not
made explicit in the statement of the theorem in [4] (and a theory G postulating
the existence of an element in U strictly between some element of the initial
structure and its successor would currently constitute a counterexample to the
completeness direction of the theorem). Since the property that no new elements
are introduced into the initial structure is essential, we included the A-rule.

We note that condition is only needed for the implication = D]
This condition is usually required in problems of model construction like those
mentioned in the introduction.

Let us remark that when GG contains only sentences with quantifiers bounded
by a one can use the well-known Paris-Wilkie translation of first-order proofs into
propositional proofs (see e.g. [10]) and state condition |(I)| equivalently as follows:
There is a (possibly nonstandard) proof of a contradiction from the translated
sentences of GG such that the proof is in a constant-depth Frege system with the
depth being a standard number and the proof is considered as a k-ary relation
definable in A for some standard number k. Constant-depth Frege systems are
propositional proof systems in which formulas have a bounded alternation of
unbounded fan-in conjunctions and disjunctions. In this way one gets the equiv-
alence statement from the example with the pigeonhole principle mentioned in
the introduction.

2.5 A New Proof of Ajtai’s Completeness The-
orem

Ajtai’s original proof of the implication = |(I)|involves a lengthy and explicit
construction of a model of G. We simplify this part significantly by utilizing
the ideas behind the proof of the theorem due to Barwise and Schlipf [5], and
(independently) Ressayre [12], that states that countable recursively saturated
structures are resplendent (cf. [§], Theorem 15.7, for a presentation). The proof

of the implication |(I)| = is essentially that of Ajtai.

Lemma 2.10. Suppose (x) from Theorem[2.9 Assume that p(x) is a type in the
language IC in A over ag,...,a,_1 € A, n € w, and suppose that there is d € M
such that

{meM|MEmed}nNN
= {l—so(‘r7 Lo, - - - 7[L'n_1)—| | 80(‘7‘-7 ag, - - - ,CLn_1> S p(l’)}
Then p(z) is realized in A.

Proof. There exists a Ag(exp)-formula Tr(¢, u, v, w) such that for any C-formula
¥ (z) and any tuple ¢ of elements of A of the same length as Z the following holds:

M E Tr(a, (&), (%), () iff A E (),



where € are the elements of M coding the functions and relations of A. Since all
the quantifiers in 1) as well as the values of all the terms in v (¢) can be bounded
by a, Tr can be constructed as a truth definition for bounded formulas with all
quantifiers in it bounded by exponential terms. See e.g. [LI] for details of the
truth definition.

Now let #(s) be the following formula:

Ir<aVy<s(yed—Tr(a,l(e),y,(ra...,an1))).

It is a Ag(exp)-formula with parameters a,d, €, ay,...a,_1 and since p(z) is a
type, M | 6(i) for every ¢ € N. Therefore, by overspill, there is a nonstandard
i € M such that M = 6(i). It follows that there exists an element in A that
satisfies all the formulas from p(x) in A, i.e. p(x) is realized. ]

Lemma 2.11. Suppose (*) from Theorem . Suppose further that L 2 K is a
first-order language containing a finite number of relation and function symbols
and G 1s a theory in L such that the following conditions are satisfied:

(1) GF“< is a linear order”,

(2) There is a set G coded by an element in M such that G NN is the set of
Gaodel numbers of the sentences from G.

Then the following two statements are equivalent:
(I) Thi(A)=* UG is consistent,
(II) G has a model over A.

Proof. The implication |(II)={(I)| is obvious; let us prove |[(I)={(IDf| We will con-

struct a complete theory J in the language
LA, C)=LU{b|be A} U{c |i<w},

where we denote the constant symbol representing an element b by b itself and
where C' = {¢; | i < w} are new distinct constant symbols, such that

Q) G CJ,
(ii) for every K(A)-sentence o, J F 0= = A |= o,

(iii) if p(z) is an L(A, C)-formula with only x free and J - Jzg(z), then either
J F p(c;) for some ¢ < w or J F ¢(b) for some b € A,

(iv) foralli <w, JFa<g.

It is clear that the canonical structure for the theory J is the desired model of G
over A.

We will construct theories J; (i < w) in the language L£(A, C') such that the
following two statements will hold for all j < w:

1 As pointed out by the referee, if G is recursively axiomatizable, then can be
quickly seen as follows: A is a countable recursively saturated structure (by Lemma ,
hence it is resplendent, and having a countable expanded end-extension to a model of GG can be
characterized by a recursive set of axioms in a language with finitely many new symbols.
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(v) If o is a K(A)-sentence and J; - 0=%, then A |= 0.

(vi) There exists [; < w such that all the constants from C occurring in the
formulas of J; are exactly co,c1, ..., ¢, 1.

Since Thy(A)=* U G is consistent, is true for j = 0 and Jy := G. There are
no constants from C' in Jy, hence is true as well, with [y = 0.

Let {¢i(x) | i <w} be an enumeration of all £(A, C)-formulas with only one
free variable x such that every such formula occurs in it infinitely many times.
(Here we use the assumption that A is countable.) Assume that J; has been
constructed so that and hold for ¢. Let k > 7 be the smallest integer such
that the constants from C' occurring in ¢ (z) are among cg, ¢q, . .., ¢;,—1. We shall
construct J;;1 by adding to J; one of the following formulas

o Vr—yi(x) Aa
o vr(c,) Na < ¢,
e o (b) for some b € A

so that and hold for 7 + 1.

Before we show that one of these choices can be made, note that if ¢ (z) is
a < x, Ji+1 has to include the new constant ¢;, in its language. As a < x will be
dealt with infinitely many times during the construction of all J;’s (j < w), every
constant from C will eventually appear in the language of J; for some j < w.
Therefore every L(A, C)-formula will be treated at some step of the construction.
Hence it is clear that once all J;’s are constructed in the way described above

and satisfy |(v)[ and the theory J = {J,_,, J; is complete and has the required
properties L

It remains to show that J;;; can be constructed by adding one of the above
formulas to J; so that is true for ¢ + 1. Let aq, ..., a,_1 be the elements of A
occurring in J; U{yx(z)} and suppose, for a contradiction, that none of the above
choices can be made. Then there are K U {ay, . .., a,_1 }-sentences o,~,n, for all
r < n, and for all b € A\ {ayg,...,a,_1} there is a K U {ay,...,a,_1}-formula
&(x) such that

Ji +Vz-op(z) Aa = ¢, - o=*
Ji + o) Na < ¢, F ="
Ji + or(a,) F =t forall r <n
Ji + (D) F &%) forall be AN {ag,...,an 1}
but A £ o, Ay, AW n forall r < n, and A }£ &(b) for all elements b in
A~Aaog,...,an—1}. Using the fact that ¢;, does not occur in J; + i (z) it follows
that
Ji + 0= - (1)
Ji + = FVa(ep(r) = 2 < a)
Ji + /\ﬁ?f“l—v.iz: k() — /\x#ar).

r<n r<n

11



Thus if 6(z) is a K U {ay, ..., a,_1 }-formula and
Ji FVa(op(z) = 0=%(x))
then

Ji F oSt A==t A /\ = — (3r < a)0>"(x).

r<n

By the induction hypothesis it follows that A = Jz6(x). This consideration
shows that the set p(z) consisting of all I U {ay, ..., a,_1 }-formulas of the form
O(z)NO(x)A...AO(x) (s conjunctions) such that there is a proof from J; of length
s of the sentence

Va(on(z) — 0=(2))
is a type in A. Moreover, there exists a Ag(exp)-formula 7(y) such that
{meM|MErm)}NN={"§"]0¢cpz)}.
(Here we use the condition [(2)}) Hence there is d in M such that
{meM|MEmediNnN={"0"|6 € px)},

by Ag(exp)-comprehension. By Lemma p(z) is realized by some element
be A~ {ag,...,a,_1} (because formulas equivalent to x = a, — n=® for r < n
are in p(x)). But for this b we have J; + ¢, (b) = &(b). Since b does not occur in
J; it follows that J; F Va (o (x) — &(2)) so we have that &(2) A& (x)A. . . A&(z)
is in p(x) for some suitable number of conjuncts. Thus A = &(b), a contradiction
with our assumption on &,(z). Thus J;41 can be found satisfying for i +1 and
by its construction it obviously satisfies .

]

Definition 2.12. Suppose that H is a first-order language, B is an H-structure,
k is a positive integer, X C B* is a definable set in B and < is a definable linear
order on X. We say that X is quasi-finite in B with respect to < if the following
requirements are met:

(1) X has a smallest and a largest element,
(2) each definable nonempty subset of X has a smallest element,
(3) each element of X, except for the smallest one, has a predecessor.

Lemma 2.13. Assume that H is a first-order language, B is an H-structure, X
1s a definable set in B which is quasi-finite in B with respect to a definable linear
order < on X. Suppose that i is a positive integer and (P,<p) is a nonempty
partial order definable in B so that P C X*. Then P has a minimal element.

Proof. Let Y = X* and <y be the lexicographic order on Y induced by <. It
is easily checked that <y is definable in B and that Y is quasi-finite in B with
respect to <y. Next we verify that each definable nonempty subset U of Y has a
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largest element in <y. Indeed, it is either the largest element 1y of Y if 1y € U, or
it is the predecessor of the least element of the set {x € Y | =3y (y € Uz <y y)}.

Consider the set V ={zx € P|Vy € P(y <px — = <y y)}. V is nonempty
because it contains the <y-smallest element of P. Let v be the <y-largest element
of V. Either v is a minimal element of (P, <p) or the set W = {z € P | x <p v}
is nonempty. We will show that the latter case leads to a contradiction. Consider
the <y-smallest element w of W. Since v € V and w <p v we have v <y w.
Because of the maximality of v in V we get w ¢ V' and so there must exist u € P
with u <p w and u <y w. By transitivity of <p we get u <p v and so u € W in
contradiction to the minimality of w. m

Proof of Ajtai’s Completeness Theorem.

First we show the implication |(II)={(I)l If G does not have a model over A,
then by Lemma there exists a proof of a contradiction from Thy(A)=* U G.
Since the proof is finite, there exists an H@-proof Py of a contradiction from
Thi(A)=* U G with formula length [ for some positive integer {. Thus it remains
to find an H®-proof from diag(A) of each of the finitely many sentences of
Thi(A)S® that occur as axioms in Py and attach these proofs to Py. It suffices
to show the following claim.

Claim: For every K-formula «(Z), where & = (x1,...,2,) for some positive
integer n, there exist K(A)-formulas 7%(z,u), A\*(z,v), ¢*(z,w) (where u,v,w
are some tuples of free variables) such that for every a = (ay,...,a,) € A", if

A = a(a) then the triple of relations defined in A by formulas 7*(a, w), \*(a, v),
¢*(a,w) is an HA)-proof of a=%(a) from diag(A).

To prove the claim, we may assume that in « negation only occurs in front
of atomic formulas. We proceed by induction on the logical complexity of a.
The claim is obvious if « is an atomic or negated atomic formula. (For example,
suppose that (1, 79) is 71 < x5, we have symbols represented in symb*4)(L£(A))
and by # by € A are such that (b, by) represents <. Then we choose 7 to define
a single element, say a, and for ¢*(x1, za, wo, ..., we) we can take

T §$2/\U)0 :CL/\U)l = W2y :xl/\w3 :bl/\w4 :bg/\w5 = Weg :LL’Q.)
For a of the form a; A ay we just join the H®-proofs of a5, a3® and of an
appropriate axiom by applying modus ponens twice. If « is of the form ay V as,
the three formulas defining an H4-proof of a=%(a) have to distinguish two cases
depending on @ and hence have the form of a disjunction: either a4(a) and the
HW-proof of a;*(a) is joined with that of an instance of disjunction introduction
(left), or —ay (@) A az(a) and the HW-proof of a;%(@) is joined with that of an
instance of disjunction introduction (right). If «(z) is Vo 5(zo,Z) we use the
induction hypotheses for § to uniformly (in a’s satisfying A = «(a)) define a
family of |A| disjoint H*)-proofs of 5=%(b,a) (b € A) and join these proofs by an
application of the A-rule. Finally, let « be of the form 3z B(xp,Z). From the
assumptions (*) it easily follows that the least number principle for K-formulas
holds in A. So we apply it to the formula 3(xg,Z) with parameters T and use
the induction hypotheses to uniformly (in a’s satisfying A = «(a)) define the
H-proof of 3=%(b,a) with b the least possible such that A = 8(b,a). Then we
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join this proof by modus ponens with an instance of 3-introduction axiom. This
completes the proof of the claim and of the implication |(1I)=1(1)}

Now we show the implication = . Suppose there exists an HA-proof
P of a contradiction from diag(A) U G with formula length [, but contrary to
, there exists a model N of G over A. The universe of A is defined in N by
the formula x < a. All the functions and relations of A are definable in N by
restricting the functions and relations of the same name in N to elements < a.
Therefore the components T, <7, © of P are defined in N as well. It follows from
the way A originated from M = IAg(exp) and from the condition of the
theorem that the universe of A is quasi-finite in N with respect to <. We know
that T C A? for some positive integer q. Therefore Lemma [2.13] implies that
each nonempty subset of T which is definable in N has a maximal and a minimal
element with respect to <r.

The lengths of the formulas of the proof P are bounded by [, the symbols of
L(A) used in these formulas are those of symb*4)(L(A)) for some positive integer
k and the language £ contains only finitely many function and relation symbols.
Therefore there are only finitely many formula shapes of length [ and hence there
exists a function I' : A* s {0, 1} definable in N that assigns truth value in N to
each L(A) formula {(a; 1, .., a;k) Y25 € (AR

Now let F be the set of those elements ¢ of T' that satisfy I'(©(¢)) = 0. For
the root 07 of T' we have that ©(07) is a contradiction, so F' is nonempty. Since
F' is a nonempty definable subset of T there exists an element m € F' which is
maximal in F' with respect to <p. If ¢ is a maximal element of (T, <r) then
O(t) is an instance of an axiom scheme of H or a sentence from diag(4) U G,
so O(t) holds in N. Therefore m cannot be a maximal element of (T, <7). Let
Q ={teT|m<pt} Since @ is a nonempty definable subset of 7" it has a
minimal element with respect to <r. Let S C @) be the set of minimal elements of
() with respect to <r. It is the set of all <p-successors of m and by the definition
of H®W-proof the formulas assigned by © to m and its successors must satisfy
one of the inference rules. The inference rules have the property that for every
element ¢ € T the formula O(t) is true in N if for every successor ¢’ of t the
formula ©(#') is true in N. (The case of the A-rule relies here on the fact that N
is a model over A). This contradicts I'(O(s)) =1 for all s € S.

O
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3. Construction of models of
bounded arithmetic by restricted
reduced powers

This chapter is formed by paper “Construction of models of bounded arithmetic
by restricted reduced powers” submitted to Archive for Mathematical Logic. It
is identical to the original version except the numbering of definitions and state-
ments as we refer to some of them in Chapter [4]
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Construction of models of bounded arithmetic
by restricted reduced powers

Michal Garlfk
Faculty of Mathematics and Physics

Charles University in Prague

Abstract

We present two constructions of models of bounded arithmetic, both in the form of
a generalization of the ultrapower construction, that yield nonelementary extensions
but do not introduce new lengths. As an application we show, assuming the existence
of a one-way permutation g hard against polynomial-size circuits, that strictRi(g) is
weaker than R%(g). In particular, if such a permutation can be defined by a term in
the language of R}, then strictR} is weaker than R}.

3.1 Introduction

It is well known that some problems in complexity theory can be cast as problems
of constructions of expanded extensions of models of bounded arithmetic ([1], [2],
[8],[12], [13]). These models are usually required to satisfy some form of bounded
induction but at the same time not introduce any new lengths of strings. In
[13] M&té encourages the study of possible modifications of known methods of
constructing elementary extensions of models of arithmetic so as to obtain nonele-
mentary partial extensions and mentions the restricted ultrapower construction
of Kochen and Kripke ([11]) as such an example. Restricted ultrapowers in the
context of bounded arithmetic were used in [5]. Modifications of the ultrapower
construction can make it easier to meet the requirement of preserving lengths
of strings, so we concentrate on them in this paper, which consists of two such
constructions. In Section B.2] we introduce our framework of restricted reduced
powers. In Section we illustrate this framework on Buss’s witnessing theo-
rem. Construction A (Theorem developed there manages not to introduce
new lengths but does not appear to be easily amenable to other situations. Thus,
in Section , we present Construction B (Theorem [3.4)), which seems to be a
more flexible and promising approach. An example illustrating Construction B
is given in Section Its statement (Theorem [3.6]) could be easily derived from
the known witnessing theorem for R} except for the part that no new lengths
are added - but our emphasis here is on developing constructions adding no new
lengths. In Section [3.6| we use Construction B together with the assumption of
the existence of a one-way permutation g hard against polynomial-size circuits to

*Supported by grant GAUK 5732/2012.
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show that strictR3(g) is weaker than R3(g). In particular, if such a permutation
is definable by a term in the language of R, then strictR} is weaker than R1.

3.2 Preliminaries

Let £ be a first-order language, 2 a non-empty set and M an L-structure.
For an L-formula ¢(xy,...,x;) and functions fi,..., fr from Q to M denote

[e(fi,. .., fr)] the set of u € Q such that

M = o(filw), .- fr(w)).

Let F be a set of functions from €2 to M and let G be a filter on the powerset of
2. We define an equivalence relation ~ on F by

f~g it [f=gl€g.

We write [f] for the equivalence class of an element f € F. We define an £-
structure /G as follows. The universe is the set of equivalence classes [f] with
f € F. The interpretation of a k-ary relation symbol R and a k-ary function
symbol F' of L is given by:

([fil.--- [f]) € R/ iff [R(fr,.... fu)] €6,

FZ9(AL - ) = 1]
where f(u) = FM(fi(u),..., fi(u)) for each u € Q.

Here we must have some [’ € F with f' ~ f for this definition to make sense.
Its correctness is then readily verified using that G is a filter. We call such a
structure /G, where F C M, a restricted reduced power.

We use restricted reduced powers in the following setting: M is a model of
arithmetic, 2 is a definable subset of M, F consists of some functions definable
in M and G is a filter on the M-definable subsets of 2. We start by picking
a nonstandard number n € M and we want to construct F/G such that it is
another model of arithmetic and such that it has, like M, the interval [0,. .., n]
as an initial segment. That is, [0,...,n] is embedded in F/G onto [[co],. .., [ca]],
where ¢; € F is the constant function with value j.

We present two specific constructions of restricted reduced powers intended
for obtaining models of bounded arithmetic theories S and Rj. The language
L of these theories has non-logical symbols 0, S, +, -, x#vy, |z|, |z/2], <, =, MSP.
Theories S and R} share a finite set BASIC of open axioms fixing the basic
properties of this language (see [3] for the axioms; they extend Buss’s BASIC
axioms from [4] by adding axioms for - (subtraction) and for MSP(z,1) := |z/2]
(the ith most significant part of z)). S% extends BASIC by the axiom scheme
¥2—LIND. This scheme consists of formulas of the form

¢(0) A (Vy < [z])(o(y) = 6(S(y))) — o(|z])

where ¢(x) is ¥? and may contain other free variables besides z. Similarly, R}
extends BASIC by the axiom scheme ¥?—LLIND, which consists of formulas of
the form

¢(0) A (Vy < [[z][)(¢(y) = &(S(y))) — o(l[=[])
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where ¢(x) is X2 and may contain other free variables besides x. We may also
accept the last induction scheme only for ¢ formulas in the strict form, i.e.

(Fz1 <) (Vo < to) ... (Qui < i)y,

where () is 3 if 7 is odd and V if 7 is even, t1, ..., t; are Lo-terms and ¢ is sharply
bounded. Then the resulting theory is called strictR5.

The following terms, as defined e.g. in [I0], will be useful to define pairing
and a simple sequence coding in Ri:

olel .= 144
2min($,\y|) — MSP(QM, |y| -~ {L‘)

LSP(x,i) ==z — 2™ - p1Sp(a, )
Ba(w, i) := MSP(LSP(w, Si - |al|),i - |a|)
bd(a, s) = 2(2a#2s).

So LSP(z,i) gives the number consisting of the last i bits of z. If w is the number
whose binary representation consists of 1 followed by binary representations of
numbers by, . .., by, each padded with zeros to be of length |a|, then 5,(w,7) = b;.
The term bd(a, s) gives a bound on the code for a sequence of length |s| with each
item bounded by a.

Pairs are coded as (z,y) := (B +y) - 2B + (B + x) where B = 2imax@wl To
project out the first and second coordinate from an ordered pair we use terms
(W) = By 1) =1 (B 3wy (@, 0), 0) and (w)s = B 11y =1 (6|3 ) (w, 1), 0)-

Let I' be a class of formulas. Sharply bounded collection scheme (also called
replacement scheme) BBT is

(Vo < |s)(3y < ) A(z,y) —
(FJw < bd(t, s)) (Ve < |s|)Be(w, x) <t A Az, Bi(w, z))

for each A(z,y) € T and for all terms s,t, such that A(z,y),s,t may contain
other free variables but ¢ and s do not involve x or y.

Sometimes we will use a different coding of a sequence of numbers by a single
number such that we have a function (w); (having two inputs unlike 3, (w, 7)) to
return the ith item of the sequence coded by w and a function [h(w) which gives
the length of the sequence coded by w. We can use the coding described in [3] or
the one in [6]; important is that the functions (w); and lh(w) are AS-defined in
R} and R} proves their basic properties, e.g. that each sequence can be extended
by an arbitrary element.

Besides the standard notation 2, IT? for classes of bounded formulas we shall
use the symbol AgY, where t is a term, to denote formulas with all quantifiers
bounded by ¢, i.e. each of their quantifiers is of the form (Jz < t) or (Vz < t).

If F is a new function symbol then formulas from the relativized classes X2(F)
or IIY(F) are allowed to use the symbol F' freely. The relativized theories Si(F),
Ry(F) or strictR(F) have induction axioms for the corresponding relativized
class of formulas.
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3.3 Construction A

The starting structure M of this construction is a model of the theory Si. We
build the set F using deterministic Turing machines in M which run in polynomial
time in M, where the exponents of these polynomials are small nonstandard
numbers. For this recall from [9] a formalization of polynomial-time functions in
S3. There is a A% formula vy(e, z,y, 2) such that if we prove the number 2/#I°
exists, vo(e, z,y, 2!"°) says that the Turing machine with code e runs on input
for |x|¢ steps and outputs y. In order to simplify notation, we write {e};(z) =y
for vo(e, z,y,2*!%). Thus, provided a number b = 21" exists in M for some
v € M, we can write {e},(z) = y for e < v either as a 32t formula with parameter
b:
(32 < b)(z = 21" Apyle, z,y, 2))

or equivalently as a I} formula with parameter b
(Vz < b)(z = 211" = py(e, z,y, 2)),
hence it is AY.

Theorem 3.1. Suppose that M is a countable nonstandard model of Sy, n € M
is nonstandard, 1(x,y) is $§ in the language Ly and assume that there is b € M
such that

Lh(b) = (3.1)
(Vi < lh( D10 = (3-2)
(Vi,j < 1h(b)) ((b): = ( )i =i =) (3.3)
(Vi < 1h(b)) (Ve < 1) =b((b)si, {e}1((0)2), (3.4)

where v, r are some nonstandard numbers such that r < v.
Then there is a filter G on M -definable subsets of

Q:={we M| (3i<Ihb)w= ()}

and a set F of functionsy : Q — M, v € M, such that idg € F and F /G satisfies
the following:

FJGE S, (3.5)
F/G = (Vy)=(lidal, y) :
FlGEa<|e,) = F/G = a= gl for some j € M,j<n. (3.7)

Proof. We construct the set F with the help of Turing machines Ej, k € N, based
on one that was used by Wilkie in his model-theoretic proof of Buss’s witnessing
theorem (unpublished, see [9] for a presentation). First we describe a machine E
which works on input u and uses a tuple of parameters

<k7 (Hy S t(x7 2))()0(1.7 y? 2)7 Ci? Jl? TA>7

where k € N, t is a term and ¢(z,y, 2) is a Xf formula in the language Lo, d, d’
are sequences of natural numbers, both of the same length as [h(Z), such that
(d), < k forl = 1,2,...,lh(2), and 7 € M. Roughly speaking, the machine
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uses d,d’ and input u to compute parameters a which it assigns to z in (Jy <
t(z, 2))e(x,y, z). It also computes the value of a variable h. Then, using machines
with code bounded by 7 as subroutines, it searches for j < h and y such that
y < t(j,a) N ¢(j,y,a) is true and such that it cannot find a witness for y <
t(j+1,a)Ne(j+1,y,a). Later we will define machines Ej, by specifying for each
k the remaining parameters from the above tuple. Then we will be able to clarify
our choices of the subroutines to compute a and h and to explain its operation
in detail. The machine E operates as follows:

1. ug :=wu;
fori=1,2,...,k:
ug = (up)1 (i-e. project the first coordinate of the pair coded by ug);

2. forl=1,2,...,lh(2):

Uy ‘= Uuj; B
fori=1,2,...,k— (d);:
up = (ug)1;

3. 7:=0; g:=u; h:=luol; (@) := {(d)i}1(w) for I =1,2,...,1h(2);
4. find the first e < 7 such that

{eh1(9) <17, a) N o(y{ehr(9), a);

. if such an e does not exist and j = 0, output (u, (h + 1, g));

. if such an e does not exist and j > 0, output g;

)
6
7. else put g := (u, (J, {e}1(9)));
8. if j = h, output g;

9. else put j :=j + 1 and go to [

We shall estimate the code of this Turing machine, é, considering its parame-
ters as hard-wired in the machine, so € will depend on them. Recall the running
time of this machine on input u is bounded by |u|¢. The time needed to compute
ug and uy, ..., wp(z) is a standard polynomial in |u|. Therefore |t(j,a)| in step
is always bounded by a standard polynomial in |u|, say p(|u|). Hence every time
the machine succeeds to find e which satisfies the condition in step i we have
that |[{e}1(g)| is bounded by p(|u]). So looking at steps [3| and [7| we see that |g]|
is always bounded by some standard polynomial p/(|u|). Thanks to this, we can
estimate the time we need in step [4] to run some {e}; with e < 7 on input g: it
is |g|¢ < 9" < (¥ (Ju|))". In step 4 we do this # times. The time needed to check
the condition in step {4 is a standard polynomial in |ul|, say p”(|u|). Finally, the
cycle containing steps [4 - [0 is repeated at most h times. Thus the total running
time is bounded by

(@' ([uh)” +p"([ul) -7 - h.
Since h = |ug|, it is bounded by a standard polynomial in |u|. Thus we can bound
the above expression by |u|’:2. Since the parameter 7 is the only element in the
program of the machine which may be nonstandard (otherwise the program is
finite), we can bound its code by

e <72 (3.8)

21



Now we describe the aforementioned machines Ej, k € N. Let

be an enumeration of all tuples where #;, is a term and p(z, y, Z) is a X3 formula in
the language Lo such that it is logically valid for x = 0, and d_’k, dj, are sequences
of natural numbers, both of the same length as [h(Z), such that (d;); < k for
l=1,2,...,lh(2). The machine E} is defined as E with the following parameters:
k, the above tuple, and 7, plugged for the parameter 7, where r; is defined
inductively by
ro = r|, Trs1 = |rg|
Let e, be the code of Ej. Put

Q= {we M| 3i<h(d) w= (b))

Note that by (3.2), @ C {0,1}" in M. We will often write (Jw € Q) p(w)
for (3i < [h(b)) ©((b);), where ¢ is some formula. Define a set of functions
{a : Q@ — M | k € N} by

ag(w) == w, agpi(w) = {ex}1(ax(w))

and
F={y:Q— M| (Fe,k € N)(VYw € Q) v(w) = {e} (ar(w))}.

With these definitions at hand, we comment on the operation of the machine E}.
Observe that due to steps |5| - |8 its output is always of the form (u,u’) where u
is its input. But from the definition of a;,; we see that this u is at the same
time the output of Ej_; (if £ > 0). Thus after Ej completes step || the value of
the variable ug is equal to the input of the machine Ej, that is, to some w € ).
Further, in step [3|we set h := |up| and we know that all elements of €2 are of length
n. So for every k € N the value of the variable h of E}, during its computation of
agy1 is n. (The reason why we could not hard-wire n, as we did with the other
parameters, is that n is too big.) In steps [2[ and [3| the machine Ej computes
parameters Z for the formula ¢ (x,y, 2): first it extracts the value of ag,), (with
(dp); < k for I =1,2,...,1h(%)) into the variable u; and then runs {(d});} on it.
In this way, thanks to our enumeration of parameters , all tuples of functions
from F’ will occur as parameters for all the formulas in question. We will write
My - §2 — M for these parameter functions:

Iy := Lh(d}) = Lh(d},)
Mg (w) == {(d)i} (g, (w)) for 1 =1,2,... 1 and k € N. (3.10)
In step 4| of Ej running on input oy (w), the machine searches for a witness of y
in o (J, v, M (w), - .., My, (w)) repeatedly for j = 0, 1,2, ... until it cannot find it
or j = n. Since ¢k (0,y, 2) is logically valid, Ej never stops at step . Observing

how its output ayyq(w) is formed, define functions ¢, : Q@ — M and oy, : Q - M
for K € N by

apr1(w) = (ap(w), ((w), o(w))).
With this notation, we can sum up one of the two FE}’s achievements:
M = (Vw € Q) (or(w) < tp(we(w), mra(w), ... kg, (w))

A @ (W), o3(W), M1 (W), -y Mg, (W) (3.11)
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The other achievement of Ej, stated in the following claim, explains the choice
of r;, in the definition of Ej. First, for all £k € N, set

\P—l(va) = ﬁiﬁ(w?y)
\Pk(yv w) = \Ijk—1<y7w)
A= [w(w) <n
Ay < tp(e(w) + 1 mea(w), ..o neg, (w))
A @ (u(w) + 1y, i (w), ..o g, (w))]

Claim 1. For k=-1,0,1,2,...
M = (Vw € Q) (Ve < 1) Ui ({eh (anr(w)), w),

where we put r_y :=1.

The claim is established by induction on k. By assumption (3.4]) of the theo-
rem, the claim holds for £ = —1. Assume it holds for £ — 1 and let w’ € Q) and
¢/ < rg. The machine Ej ran on ag(w’) and if ¢, (w') < n, then before it output
ags1(w'), it ran in step [4] all e < 7 on this agi1(w’) and verified that none of
them produced a witness for y in

y < tp(tp(w) + Lmea(w), ... e, (W)
A SOk(Lk(w/) +1, ?J,??k,l(w/), ce 777k,lk(w/))-

It remains to show that {e'};(agsi(w’)) satisfies WUy_1(y,w’). By definition,
apr1(w') = {ex}r(ax(w')), and gives an estimate e, < ri. Since we have
¢/ <1 = |rg_1|, the machine which runs first e, and then ¢’ has a code which is
bounded by r_;. By the induction hypothesis, {e};(ax(w’)) satisfies ¥y (y, w’)
for all e < r,_;. This completes the proof of the claim.

Next, we arrange by constructing a suitable filter on the M-definable
subsets of (2. This will be the filter G from the statement of the theorem. Take
some enumeration

Yk, k€N (3.12)

of F'. We shall construct elements
b=by,by,bo,...
of M such that for every k = 1,2, 3, ... the following will hold in M:

Lh(by) > th(bk-1)/(2n) (3.13)
(Vi < Ih(by))(Fi" < lh(bg_1))(br); = (br_1)s (3.14)
(Vi, 3" < 1h(by))((bk)i = (bx)ir — i =1') (3.15)
(Vi < th(br)) ve—1((br):) = nV (37 < n)(Vi < 1h(br)) ye—1((bk)i) = j.  (3.16)

Suppose b has already been constructed. Working in M, we construct by, ;. First
we find a sequence b all of whose elements are distinct and are exactly those
elements (by); of by, such that 7((bx);) > n. This is done using X—LIND and
relies on the fact that the required properties of ¥’ are described by A% formulas.
If Ih(V) > Lh(bg)/2, put by = b'. If not, we similarly create a sequence b” with
Lh(b") > 1h(by)/2 of those elements of by on which 7 is smaller than n, but this
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time we rearrange them into blocks according to the values of v: each block will

be determined by two indices, #in < %maz, Such that v; gives the same value on

the elements (b"); with 4., <@ < ime and v, does not give this value to any of

the elements (b"); With 4 < 4,5 OT imee < i. Then we use A —LIND to show that

there exists a block for which 4,40 — tymin + 1 > 1h(br_1)/(2n). We define by, to

be the sequence consisting of this block. Obviously, by, satisfies - .
For k € N define

Q= {w e M| (3i <lh(by)w= (bp)i}

(so o = Q) and let G be the filter generated by the chain Q5 2 Q; D .. ..

Now we have everything we need to form the restricted reduced power F'/G,
as defined in Section [3.2] But first we must verify that 7’ is closed under the
functions given by function symbols of L. Let d1,...,d,, € F'. Recall that
for ¥ < k € N, ap can be extracted from oy by a standard polynomial-time
algorithm. From this and from the definition of F’ it follows that for large
enough k£ € N each of §y,...,9, can be computed by a standard polynomial-
time algorithm from «aj. Each function given by a function symbol F' of our
language is computable by a standard polynomial-time algorithm. Thus we can
compute F(dy,...,0d,) by a standard polynomial-time algorithm from ay, so it is
an element of F’.

We derive Lo§’s theorem for Xj formulas.

Claim 2. Assume that @(z1,...,2y) is a X formula in the language Ly and
01,y 0m € F'. Then

F'I1G = o([01],...,[0m]) if and only if [p(d1,...,0m)] € G.

Quickly from the definition of F'/G follows the claim for the case of ¢ of
the form #(z1,...,2,) = 2o (use induction on the complexity of the term ¢) and
then for the case of ¢ atomic. Then we proceed by induction on the complexity
of . The induction step for conjunction uses the fact that G is a filter. This
fact also gives the right-to-left implication in the induction step for negation.
For the left-to-right implication assume that F'/G = —p([d1],.. ., [0m]) and that
the claim holds for ¢(z1,...,2,). Let k € N be so large that dy,...,,, can be
computed from oy by standard polynomial-time algorithms. Since ¢ is Xf, there
exists a standard polynomial-time algorithm which on input oy (w) returns 0 or 1
depending on the truth value of p(d;(w), ..., dn(w)) in M for w € Q. This means
that the function v : Q — {0, 1} given by «aj composed with this algorithm is
an element of F’. So it must appear in the enumeration as v for some
k" € N. There we constructed by, 1 to satisfy - . Thus, what we know
about 7, together with and the definition of 1, give that either M |=
(Vw € Qpy1) p(d1(w), ..., 0m(w)) or M = Vw € Quir) (51 (w), ..., 0n(w)).
Since the first case leads by our induction hypothesis to a contradiction, the
proof of the left-to-right implication in the induction step for negation is finished.
It remains to prove the right-to-left implication in the induction step for sharply
bounded existential quantifier (the other half of the equivalence is immediate).
Assume that for some k£ € N, [(Jy < [t])p(y,01,...,0m)] 2 Q. Similarly as
before, there is a standard polynomial-time algorithm which runs on a4 for a
suitable £ € N, exhaustively searches for a witness for y in the above formula
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and outputs this witness if it exists. The composition of oy with this algorithm
is then a function from F’, let us denote it 6. We have [¢(0,d1,...,0m)] 2 Q%
and we can apply the induction hypothesis. This finishes the proof of the claim.

It follows from the claim that F'/G is a model of BASIC. The next claim as-
serts that induction holds in F/G up to [c,] for strict¥} formulas in the language
Ly. Recall that we denoted by c;, 7 < n, the constant function on 2 with value

7.
Claim 3. Suppose that o1, ...,6,, € F' and let ®(x) be the Ly-formula

By <t [&], - [0m]) (@, 9, [01], - [0m]),

where ¢ is a ¥ formula and t is a term. Then
F'/G I ~®([eo]) V (B < [ea]) ((R(2) A =2(S(2))) V @([en])-

Without loss of generality, we can assume that ¢(0, y, Z) is logically valid. Take
k € N such that the k-th tuple of our enumeration contains the formula
(3y < t(z,2)) ¢(w,y, Z) together with tuples of standard numbers dj,, d; which
tell £y how to compute 01, ...,d,, from ay, i.e.

5l:nk,l forl:1,2,...m,

where 7 is given by (3.10]). Since t, 0, € F', we can apply Los’s theorem for
% formulas (Claim [2) to (3.11) and get

F/G = e(ul])-

Suppose that [tx] < [¢,], for otherwise we are done. Assume for a contradiction
that F'/G | ®(S([x])) and let [y] with v € F' be a witness of the leading
existential quantifier in . There exists some k' € N, ¥’ > k, and ¢’ € N, such
that (Vw € Q)y(w) = {€'}1(ap41(w)). This follows from the definition of F’
and from the existence of a standard polynomial-time algorithm that extracts
apr from oy for every k” € N. Claim [I] implies that

M E (Yw € Q) (Ve < rp)=[u(w) <n
A Aehi(awa(w)) < tu(w) + 1,01 (w), . .-, 0m(w))
A p(u(w) + 1, {ehi(ap s (w)), 0r(w), ..., 6 (w))].

We have ¢’ < ry, since rp is nonstandard. Since F'/G = [uk] < [c,], Claim
gives

f//g |: _'([7] S t(S([Lk])’ [51]7 sy [6m]) A @(S([Lk])v [/7]’ [51]7 ceey [5m]))

This contradicts our choice of [y] and finishes the proof of the claim.
Note that a consequence of Claim [I]is that for k = —1,0,1,2,...

M = (Vw € Q)(Ve < ri) ~¢(ao(w), {e;1(aps (w))).
With the help of Claim [2] this gives

F'/G | (Yy)—([idel, y). (3.17)
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Now we define a substructure F/G of F'/G by setting
F={6€F | F/G =] < leca)* for some k € N},

i.e., /G is the restriction of F'/G to the set of elements with length bounded
by a standard power of [¢,]. Bounded formulas are absolute between F/G and
F'/G. Hence Claim [2] (Lo§’s theorem for ¥} formulas), Claim (3| (induction up to
[c,] for stricty$ formulas) and remain valid with F’ replaced by F.

It remains to show that F/G satisfies X5 —LIND. Since we have induction for
stricty? formulas up to [c,], we also have it up to [c,]* for all k € N, i.e., we have

F/G k= stricty} — LIND.

Now strict¥—LIND is sufficient to prove BBYY, the sharply bounded collection
scheme for X% formulas. This scheme allows us to prove that every ¥4 formula is
equivalent to a stricty? formula. Hence F/G | Si. O

As a corollary we get a weaker version of Buss’s witnessing theorem:

Corollary 3.2. Let ¢(x,y) be X0 in the language Lo and suppose that

S5 F (Vo) 3y)ib(z, y).
Then for some ¢ € N and f € (I},

Sy b (Vo) (V2) (Ih(z) > 29 A (Vi < lh(z))|(z);] = =
A (i, j < Ih(x))((2)i = (2); = i = J)
= (3 < (@)Y ((2)i, f((2):))).

Viewed in the standard model N, the conclusion of the theorem says that for
a randomly chosen x of length z the function f witnesses (Jy)v(x,y) with the
probability of at least 1 — (29 — 1)2!'7*. That is, f makes 27 — 1 possible errors
on elements of length z.

Proof. We can assume that v(z,y) is Xf, since it is equivalent in S3 with its
strict form and bounded existential quantifiers can be merged with (Jy) using
the pairing function. Assume that the conclusion of the corollary is false. Let T’
be the following theory with b, n new constants:

Sy + {In(b) > n* | k € N}
+ (Vi < 1h(b))|(b)s| = n
+ (Vi, 7 < 1h(b))((b)i = (b); = i = j)
+ {(Vi <1h(b))(Ve < k)=b((b)i, {e}1((b):)) | k € N}.

T is consistent since otherwise in its finite contradictory fragment there would
appear some maximal k£ and we would combine all the polynomial-time machines
e < k into one that using ¢ as an oracle produces a witness for one of the (b);’s,
contradicting our assumption.

So there exists a countable M = T. In the case that n = 0 (hence lh(b) =
1 and (b)o = 0) we have that no standard polynomial-time machine witnesses
¥(0,y). By Parikh’s theorem applied to our assumption Si + (Va)(Iy)v(z,y),
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there is a standard y satisfying 1(0,y) in M. Therefore this y can be trivially
produced by a standard polynomial-time machine, a contradiction. So assume
that n > 0. Then from the first three lines of 7" it follows that b and n are
nonstandard (in the case n = 1 note that there is only one number whose length
is 1). By overspill, using the first line of T, we have that [h(b) is at least n" for
some nonstandard v € M, and we may assume (h(b) = n¥ with v < n, since such
a shortening of our b still satisfies the axioms of 7.

Since n’ = [h(b) < |b], 2" exists in M. The last line of T says that the
following formula holds in M for every standard 7:

(Vi < 1h(b)) (Ve < [v])(e < — = ((b)s, {e}1((b):))-

By overspill, there is a nonstandard » € M such that the formula holds in M.
Now the model M satisfies the assumptions of Theorem [3.1], which gives a
model F/G & S3 + (3z)(Vy)—)(z,y). This contradicts our assumption. O

It was noted by L. Kolodziejczyk that the corollary gives, in fact, a polynomial-
time function which witnesses (Jy)¢(x,y) without any errors, as is the case in
Buss’s witnessing theorem.

Theorem 3.3. Let 1(x,y) be X% in the language Ly and suppose that
Sy F (V) By)ib(z, y).

Then for some f € [},
Sy F (Vo) (z, f(x)).

Now the difference between this theorem and Buss’s witnessing theorem for S;
is that the witnessing in the latter is provable in the theory PV;. This difference
can be eliminated by checking that relevant arguments in proofs of this section
can be carried out in PVj.

Proof. As before, we can assume that ¢ (z,y) is X8. Let 1'(u,y) be the formula
(MSP(u, [[u][*), y).
Since S3 + (Vu)(3y)yY'(u,y), Corollary [3.2| gives ¢ € N and f’ € (I} such that
Sy F (Vw)(Vz2) (Ih(w) > 29 A (Vi < Lh(w))|(w),] = =
A (i, < th(w))((w); = (w); — i
= (30 < h(w)y' ((w)s, ['((w):))).

We describe f € (I} which uses f’ as a subroutine and satisfies the conclusion of
the theorem. It works on input . First it finds z such that z — |z|*> = |z| by a
very simple polynomial-time algorithm (using |z| < z < 2|z for |z| > 64 ). Then
it produces numbers

J)

PSR LTS IV D R R LS )

This is 27 + 1 distinct numbers all of length z and all having as first |z| bits
the binary representation of x, provided that 217> > 24, The last inequality is
satisfied for every z > 29, therefore we will assume that |z| > 29. Finally, f’ is
run on each u from these z? 4+ 1 numbers and it is checked whether ¢'(u, f'(u)) is
true. It has to be true for at least one u by the property of f’ above, and f'(u)
for the first such u is the output of f. O
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We conclude this section with remarks on the disadvantages of Construction
A. Firstly, the assumptions - of Theorem are very restrictive.
This is connected with the fact that in the proof of the theorem we are using
quite a strong computational model (nonstandard deterministic Turing machines
running in nonstandard polynomial time) in order to ensure induction. So, in
the next construction we will want to work with a weaker computational model
and we will have to find a different way to arrange induction. Secondly, despite
the property of the theorem, the construction cannot guarantee that all
elements [¢;], M = j < n, are present in F/G. But this is usually required in the
reformulations of statements of complexity theory mentioned in the introduction.

3.4 Construction B

Assume that
e M is a countable nonstandard model of true arithmetic

e nec M\N

Qc{0,1)"

L is a first-order language whose non-logical symbols are a binary relation
< and a finite set of function symbols F containing a unary symbol S
and constant symbols 0,7n. The intended interpretation of each of these
function symbols is some function definable in M, with S interpreted by
the successor function, n by n, and 0 and < interpreted as usual.

V(T y, 21, .., 2) 15 a AF™ formula in the language £, i.e., each of its
quantifiers is of the form (Jw < n) or (Vw < 7).

X € M is a set containing the following functions from €2 to M: the identity
function idg, for each v < n the constant function ¢, with value v, and some
functions hq(x), ..., hg(x) € M.

We define a straight-line program (SLP) over Fp of size ¢t with input variables
x1,...,Tr to be a sequence of instructions of the following form: the sth instruc-
tion (i = 1,...,t) applies a function from F to some of the input variables or
previously assigned variables yy,...,y;_1 and assigns the outcome of this opera-
tion to y;. Given an assignment of the input variables, the output of the program
is the value of y;. The size of an SLP P will be denoted by size(P).

We will consider SLPs inside M. Let F; and X be as above and let P € M
be an SLP over F of size t € M with input variables of the form z,, g € X. We
define Fetx(P) to be the set consisting of all functions f : 2 — M where either
f € X or there is some i = 1,...,¢ such that f(u) is the value at y; computed by
P with the following assignment of the input variables: the value of z, is g(u).

Fix a parameter m € M, a nonstandard number with m < n, and a parameter
¢, which is a rational number in M and satisfies 0 < ¢ < 1.
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Assume further the following hypothesis:
There is a nonstandard s € M such that for every SLP P € M
of size m® and every f € Fctx(P):

Pr(i(u, f(u), ha(u), ... i (u)] < g.

u€eN

(H)

In M define the master tree to be the tree of SLPs of size < m?®. The empty
SLP is the root of the master tree and the partial order of the tree is defined by
“P is an initial part of Q”. For £ > 0 put FCT({) := Jp Fctx(P), P ranging
over SLPs from the master tree of size < {. Denote FCT := FCT(m?).

For two sets A, B we abbreviate the quantity Cir;(cﬁg?) by p(A/B) and call it
the measure of A with respect to B.

Hence the hypothesis means that

/L([W}@dﬂa f7 hl? BRI hko)]]/Q) <gq

for all f € FCT.
Our construction also requires the following relation between the parameters
n,m and q:

i1
¢"/™ < = for every i € N. (R)
n

This forces € to be large with respect to {0, 1}".
Having stated the assumptions of the upcoming construction, we summarize
its desired properties in a theorem.

Theorem 3.4. Let M,n,Q, L, v, X be as above. Assume that the parameters
m,q as above satisfy the hypothesis (H|) and the relation .

Then there is F C FCT and a filter G on the M-definable subsets of ) such
that the restricted reduced power F |G enjoys the following properties:

(FG 1) X C F and F is closed under the functions from F.

(FG 2) F/G contains no new lengths < n, i.e., if f € F and F/G = [f] < [cnl,
then there is v < n in M such that F/G = [f] = [c].

(FG 3) Los’s theorem holds for AS"™ formulas, i.e., for functions fi,...,fr € F
and for an L-formula ¢(x1, ..., x1) which is A", we have

FIG el ) i Telf- )l €g.

(FG 4) F/G |= (Vy)~¢([idal,y, (], .- . [h])
(FG 5) Let o(x) be an L-formula of the form

(Fy1) ... Gyw )

such that a(x,y1, ..., yw, (9], -+ [gx]) is AF™ and has [g1], ..., [gs] as pa-
rameters, where g1, ...,qr € F. Then

F/G = =¢([col) V (lem]) V (T < [en]) (o(2) A —0(S(2))),

i.e., in F/G induction for ¢ holds up to m.
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Proof. In stages 1 = 0,1, 2, ... we shall construct the following elements of M:
Py, i, qi, U, Bad,,
where
(pu 1) P, is an SLP from the master tree, P, is the root and P, extends FP;.

(pu 2) ¢; > 0 is a number such that ¢y := m® and ¢y > ¢; > ¢, > ... with
U; — size(B;) > mS%.

(PU 3) ¢; is a rational number (in M) called the ith badness coefficient. qy := q

and g+ = qil/@m). (So0<qg<q <...<1).

(pu 4) U; is a subset of €, such that Uy :=Q and Uy D U; DUy D .. ..

(PU 5) Bad; is a collection of subsets of 2 with
Bad, = {[[w(ldg, f, hi,..., hko)]] | f € FCT} U {@}

and Bady C Bady, € Bady C ..., such that for all i € N and V' € Bad;, we
have u(V/U;) < g;. (Note that this holds for i = 0 by (H)).

We shall form the restricted reduced power F/G from F := |J,on Fctx(F;) and
the filter G generated by the chain Uy D U; D .. ..
We now construct P;, ¢;, U;, Bad;. Enumerate all tuples of the form

(F7Y7907917"'7gk>7

where F'is a symbol from F, Y is a subset of {2 which is in M, ¢ is an L-formula,
ke Nand gq,...,g9r € FCT, such that every tuple appears infinitely many times
in the enumeration. At each stage i = 0,1,2,... we apply one of the five steps
below to the |i/5]-th tuple from the enumeration, such that the number of the
applied step, - is congruent to ¢ mod 5. In this way each of these steps
deals with every tuple from the enumeration at infinitely many stages.

(i) For F,gi,...,gr in the tuple under consideration, check whether k is the
arity of F' and ¢y, ..., g are in Fetx(F;). If so, let t = size(P;) and extend
P; by one instruction y1 = F(wy,...,wy), where w; (j =1,...,k) is a
variable (input or previously assigned) at which g¢; is computed. Define
P;+1 to be the resulting SLP. Otherwise, put P, := P;. Leave ¢;,U;, Bad;
unchanged, i.e., set {; 11 := ¥;,U;+q := U;, Bad;y; := Bad;. Obviously,
- are satisfied for ¢ + 1.

(ii) If the set Y from the tuple under consideration is an element of Bad;, put
Uiy1 := U; \ Y. Otherwise, U4y := U;. Leave P;,{;, Bad; unchanged. To
verify |(PU 5)|for i + 1 we use that ¢; < 1/2 Vi € N, which is a consequence
of the assupmtion , to estimate

qi 1 2m—1

1
< 2%’ < g < q(2m)i+1 < q(2m)i+1 = Qiy1-
I—q qi+1

So the ratio u(V/U;1) from [(PU 5)|is less than ¢; 11 as required.
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(iii)

In this step, which is useful for [(FG 2)| and |(FG 3)| we make the filter
decide whether a A5™ formula or its negation will hold in F/G. Let the
formula in the considered tuple be a A§™ formula of the form ¢(zy, ..., x).
(Otherwise, leave P, ¢;, U;, Bad; unchanged). Set W := [o(g1,...,9x)]. If

p(W/U;) <1/2,

put U1 = U; \ W. Otherwise, Uy, := U; N W. Leave P, {;, Bad; un-
changed. To check |(PU 5)|for ¢ 4+ 1, we need 2¢; < ¢;11, which was verified
in step [(i)]

This step will help ensure |(FG 2)| and |(FG 3)| by witnessing a quantifier
bounded by n. Let the formula ¢ in the tuple under consideration be
of the form (3z < )¢’ (z,y1,...,yr), where ¢ is A" and assume that
U; C [¢(g1,---,9xr)]. From the covering

[[90/<CO7917 s 7gk)]]a [[30/(61,91, S 7gk’)]]7 CIE [[Spl(cnagla s agk)]]

of U; pick a set Z with the largest measure with respect to U;. Define
Uiy1 :=U;NZ. Leave P;,{;, Bad; unchanged. Here the new ratio u(V/U;11)
from is at most (n + 1)u(V/U;) < (n+ 1)g;. Using the assumption
we have

qi 2m—1 1 2m—1 2m—2

+ g = g 4 qemt < 2qEmT < gemT < g

ng; +qi < —

di+1

so|(PU 5)|remains valid for ¢ 4 1.
The goal of this step is to arrange [(FG 5)| by binary search. Let the formula
@ from the tuple under consideration be of the form

(Fy1) ... Fyw) (@, Y1, - Yrrs 215 -+ 5 21)

where a is A§". Moreover, let

[[a(007f17'"7fk’7gla"‘7gk)]] =0
and [[a(cmaflv"'>fl€’7gla"'7gk)]] :(D
for all fi,..., frr € FCT.

In steps j = 0,1,...,7 := [logm] we shall construct inductively in M
elements

~ o~ —

P; Ej,ﬁj,Badj,uj,vj,
such that
° ﬁo = P, 15]-+1 extends ]3]
o lo:=1l;, ;> Uiy and [y — size(Pya) > (0 — size(P;))/2].
A e
o é\a/d()j Bad,, évafdj-i,-l i %j and for all j = 0,1,...,7r and all
V € Bad; we have _
n(vV/0;) < g%
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o uy:=0,vy:=m and vj41 —uj+1 < [(v; —u;)/2].

e For each j =0,1,...,r there are f1,..., fir € Fctx(P;) such that

[[a(CUj7f17--'7fk/7glv"'agk)]] 2 Uj‘

e For each j = 0,1,...,7 and for all ¢i,...,g, € Fctx(Q), where @
extends P; and size(Q)) = {;, we have

[a(eo,, g1y - -5 G915 - - 9k)] € Bad;.

Note that everything is satisfied for j = 0 by|(PU 5)|and by our assumptions.
Assume that for some j < r these elements have been constructed. Set
Ci= [(€; + size(Py))/2], w:= [(v; +v;)/2] and
V= {[alcw, frs s fxryg1s -+, gx)] | there is an SLP P such that
fi,..., fir € Fetx(P), P extends ]3] and size(P) = (}.

If there is some V' € V such that

1/29+1

wV)U) > g,

then put

Ujr = W, Vi1 = V5, Lig = CG, Py = P,

ﬁj+1 = [7]' N ‘/, Evadjﬂ = E\a?lj,
where P is any SLP witnessing that V' € V. Otherwise, put

Ujy1 7= Uj, Vi1 =W, Cjy1 :=C, Piq := P
[734_1 = fjj, B—ZL/dj_._l = B\Cl/dj uV.

It is easy to check that in both cases the newly constructed elements satisfy
all the requirements and that u, + 1 = v,. Define

Pi+1 = ﬁr, gi—i—l = Zm Ui—i—l = ﬁr, BadiH = %7‘-

and note that |(PU 1)|-|(PU 5)| are satisfied. In particular, we can estimate

size(P) =4 1> size(P;) — {; > ps-2i-2

] P; — él >

and for any V' € Bad,; 1 we have u(V/Uq) < qz;/zr < qil/(Zm) = i1

Thus, in this step we have found v := u, € {0,1,...,m — 1}, such that

[[Oé(c’vafla'"7fk’7gla"'7gk)]] 2 U’i+1

for some fi,..., fir € Fetx(Pi1), and for all ¢, ..., g, € Fctx(Q), where
Q extends P;yq and size(Q) = {;41,

la(eost, ghy - s Gy 91y - - gr)] € Badiiq.
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Now that U; and P; have been defined for all i € N, we can verify -
. Recall that we put F := (J,on Fctx(F;) and G is the filter generated by
the chain Uy D U; D .. ..

Step|(i)|and the definition of F guarantee that F is closed under the functions
from F, and that X C F, i.e., holds.

To check [[FG 2)| let f € F and F/G = [f] < [cn]. At some stage ¢ € N the

formula
viy)=Fr<n)z=y

will be treated by step together with f, with the result U;1; C [v(f)].
(Otherwise U;y1 € [-w(f)], which implies U;1; C [~ f < n], contradicting
FJ/G = [f] < [ea]). By step (applied to the same formula at some stage
i’ > 1) we have Uyyy C [c, = f] for some v < nin M. Thus, F/G | [c,] = [f] as
required.

We verify , Lo$’s theorem for A;™ formulas, by induction on the com-
plexity of the formula . By definition, it holds for ¢ atomic. To prove the

inductin step for negation, assume that ¢ is =¢'(z1,...,2), f1,..., fx € F and
that the assertion holds for ¢'. If [¢(f1,..., fx)] € G, then [¢'(f1,..., fr)] € G,
so we get F/G = o([f1],-..,[fx]) by the induction hypothesis. For the other
direction, suppose that F/G E o([f1],--.,[fe]). Then [¢'(f1,...,fx)] € G by

the induction hypothesis. But ¢, f1,..., fx were treated by step at some
stage 7, so we must have Uiy C [~¢'(f1,..., fi)]. Hence [@(f1,..., f)] € G as
required. The step for ¢ of the form ¢’ A" is easy. Let us consider the case when
pis (Jx < n)¢'(z,x1,...,2%), f1,-.., fr € F and the assertion holds for ¢’. If
[o(fis---, fr)] € G, then there is some i € N with U; C [o(fi1, ..., fr)], and there
is some ¢’ > i such that ¢, fi,..., fi were considered by stepat stage i’. Hence
Uis1 C [¢ (co, fry- -+, fr)] for some v < n and we get F/G = o([f1],-- -, [fe]) by
the induction hypothesis. The other direction follows quickly from the induction
hypothesis. So, we have verified .

Let us check [(FG 4)] By we have [¢(idq, f, h1,. .., hg)] € Bady for

every f € F, and by step each of these sets was subtracted from U; at some
stage @ € N. Since 9 is A", iFG 3§ applies and follows.

Induction is obtained by step Let g1,...,9x € F and ¢ be as in
. We may assume that

M (W1, 20)p(0, 21,y 2) and M (Va2 =(m, 21, 2).

Step treats ©, g1, ..., gr at some stage i € N with the result

[[a(c’uvfla'"7fk”7gla"'7gk‘)]] 2 U’H—l

for some fi,..., fir € F and v <m — 1, and

[[Oz(cv-i-lagia s 792;/’91) cee 7.gk’)]] € Badi—‘rl

for every ¢1,...,9 € F. The first part together with give immediately

F/G = o([eo], [a1], - -+, [gx]). Since by step each set in Bad,, is subtracted
from U at some stage i’ € N, we obtain F/G = —¢([cys1],[g1],- -, [gk]) In a

similar way. So, |(FG 5)|holds.
[l
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3.5 An example

We will show how to use |[Construction Bftogether with the assumption that one-
way permutations exist to get an interesting model of the theory strictRi.

Definition 3.5 (e<OWP). Let € : N — [0, 1] be a function. A polynomial-time
function ¢ : {0,1}* — {0,1}* is called an e-OWP (one-way permutation) if for
every n, g is a permutation of {0, 1}" and for any polynomial p, for all sufficiently
large n and for every boolean circuit C' of size at most p(n),
Pr [¢(C(x)) = z] < €(n). (3.18)
ze{0,1}m
Let M be a countable nonstandard model of true arithmetic, n € M \ N and

d > 0 a (standard) rational number. Assume that an eeOWP ¢ : M — M exists
with e(z) := 27", Set

Q:={0,1}", q¢:= 27" and m = log n.

Note that the requirement @ in Theorem is satisfied.

Let £ be the language containing symbols 0,7, .S, < (as required in Theorem
together with the remaining symbols of Lo, i.e. +, -, |z|, x#y, |z /2], ~, MSP,
and also the symbol g for the one-way permutation. Let £ be interpreted in M
in the usual way (with g interpreted as g). Then in M, holds for every
boolean circuit C' of size < n* for some nonstandard s’ € M (by overspill).

Let X be the set consisting of the identity function idg and the constant
functions ¢, with value v for each v < n. Let 1(z,y) be the formula

9y) = x
and put s := |s'|. Now change the interpretation of each symbol from F, (the
set of all function symbols of £) so that they give value 0 on arguments of length
> n® (our eventual model will not contain elements of length > n®). Note that if
f € Fctx(P), where P € M is an SLP over F of size m® with input variables z;,
for h € X, then f is computable in M by a boolean circuit of size < n€®).m* < n*
(and of depth bounded by d - m?, where d is a bound on the depth of n°®) size
circuits computing functions from F;). Hence the hypothesis holds for our
choice of ¥(z,y) and parameters m, s and q. So we can use Theorem to get
the model F/G.

Note that since we have +,- in the language, we can strengthen as
follows: In F/G induction holds for (Jy;) ... (Jyr)a up to m, where « is an L-
formula with parameters and with quantifiers bounded by #* for some k € N
(instead of bounded just by 7). Here #i* means 7 -7 -. .. 7 (k-times). This works
because each formula

<= (Frg<n)...Fup i <A)r =20 +T1 A+ ... Fxpy P!

is A", so by Lo§’s theorem it holds in F/G. Hence we can use it to

replace each quantifier bounded by 7% with & quantifiers bounded by 7 and so

we get an equivalent (in F/G) formula with all quantifiers bounded by 7.
Define a substructure F'/G of F/G by taking those elements of F/G that are

of length < #* for some k € N. The fact that bounded formulas are absolute
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between F/G and F'/G helps with verifying that [(FG 1)|-|(FG 4)|also hold with
F replaced by F’. Since the theory BASIC consists of open formulas, F'/G is a
model of BASIC thanks to Los’s theorem . As for induction, compared
to just discussed induction in F/G we have to bound the existential quantifiers
to make sure their witnesses in F /G are also in F'/G. Hence in F'/G induction
holds up to m for formulas of the form

(Elyl S tl) Ce (Hyk/ S tk/)Oé

where tq, ...ty are L-terms and « is a sharply bounded formula. Thus we have
proved:

Theorem 3.6. Let § > 0 be a rational number, e(z) := 2" and assume that an
e-OWP exists. Let M be a countable nonstandard model of true arithmetic and let
n € M be a nonstandard number. Suppose that g is a function symbol interpreted
in M by the e-OWP. Then there exists N = strictRy(g) such that N restricted
to Log(N) coincides with M restricted to {x € M | x < n"* for some k € N} and
such that in N,

9(x)] = ||
gr)=g(y) »x =y
(Fy)(Vz)=g(z) =y

3.6 Theory strictR} and sharply bounded collec-
tion scheme

We separate theories Ri(g) and strictRi(g) assuming that g is a one-way function
hard against polynomial-size circuits.

We will use Construction B with some slight modifications to its setup. As-
sume that M is a countable nonstandard model of true arithmetic and n € M\ N.
Let © C {0,1}" be the set of all numbers w such that

(Vu < n)|fan-1(w,u)| = n.

We can view  as the set of all n x n (0, 1)-matrices in M whose rows represent
numbers of length n. Let £ be the language containing symbols 0, 7,5, < as in
Theorem [3.4] together with the remaining symbols of Ly, i.e. +, -, |z|, xz#y, |z/2],
—, MSP, and with a unary function symbol g intended for a one-way permutation.
Let X be the set consisting of the identity function idg and the constant functions
¢, with value v for each v < n.

There will be one difference in the definition of an SLP over F of size t with
input variables zj,, h € X. Namely, we allow it to use an additional instruction
to invert one row of the matrix assigned to the input variable z;4,. Formally, the
additional instruction is of the form

Yi = g (B (Tigg, v)), (3.19)

where i = 1,...,t, the symbol g=! denotes the inverse of §, and v < n. For an
SLP P the set of functions computed at the variables of P, Fctx(P), is defined
as in Section 3.4l
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Let 0 > 0 be a (standard) rational number and denote
q:= 2_”6,m = logn.
Let ¢(x,y) be the formula

(Vi < 1) §(Brspia,n (Y, 1) = Brspa,n) (T, 1).

Here LSP(x,n) is just a way to produce a number of length 7 provided z attains
a value from Q and 7 is interpreted as n. Then ¢ (z,y) says that y is the matrix
whose rows are the inverses under g of the rows of x. We need the following
hypothesis:

There exists a function g : M — M which for every | permutes

the numbers of length | and there exists s € M \ N such that if

L is interpreted in M in the usual way with § interpreted as g,

except that the functions give value 0 on inputs of length > n?®,

then in M, (H*)
Pr [¢(u, f(u))] <4q

ueN

for all f € Fectx(P) for every SLP P over Fp of size m® with
iput variables xp, h € X.

Theorem 3.7. Let M,n,2, L, X,0d,q,m, be as above and assume the hypothesis
(H*). Then there exists a model N of strictRy(g) such that N restricted to Log(N)
coincides with M restricted to {x € M | x < nF for some k € N} and the
following instance of BBY4(g) does not hold in N :

(Vz) ((Vi < n)(3z < 1#LSP(z,n)) §(2) = Brspan)(z, 1)
= () (Vi <) §(Brsrwan (Y, 1)) = Brspiam (@,1))-

Proof. We can repeat the proof of Theorem in the current setup (where we
have slightly different SLPs and €2) with hardly any changes and get a structure
F/G satistying the conclusion of that theorem, |(FG 1) - |[(FG 5)| As in the
previous section, we take the substructure F'/G of F/G whose universe consists
of all elements of F/G that are of length < nF for some k € N. It follows that
F'/G is a model of strictR}(g) such that

F'IG E (Vi < n)(Fz < 14£LSP([ida), 1)) §(2) = Brsp(ide)m)([idal, 1)
but
F'1G W= (Fy) (Vi < 1) §(Brsp(ida)m) (Ys 1) = Brsp(idalin) ([idal, 7).
]

The proof of the following lemma uses an argument similar to that of S. Cook
and N. Thapen [7] described in the footnote on page 7 of [7] and attributed there
to R. Impagliazzo.

Lemma 3.8. Let M,n, Q. L, X,0,q,m, be as above and assume that an e-OWP
exists with e(x) = 27" Then is true.
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Proof. Let g: M — M be an eOWP. Then in M, holds for every boolean
circuit of size < n® for some nonstandard s’ € M such that m* < n. For the
sake of a contradiction, assume that is false. So there is an SLP P of size
m® where s := |s'| such that some f € Fectx(P) inverts all rows of a matrix
from €2 with probability at least 277" P has at most m® instructions of the form
. These instructions query a fixed set of rows of any matrix from 2. Assume
without loss that the first row is not queried.

We construct a probabilistic boolean circuit C” of size smaller than n® that
satisfies

Pr[g(C'(z)) = z] > 27", (3.20)

where the probability is taken uniformly over all numbers x of length n and over
the random bits used by C".

The input of the circuit is (the binary representation of) a random number
of length n, which we want to find a preimage of. C’ uses (n — 1)? random
bits, which represent (n — 1) random numbers of length n. First, C’ forms an
n x n (0,1)-matrix A whose first row is the input and the remaining rows are
obtained from the (n — 1) random numbers by applying to each of them a circuit
computing g. After that, C’ simulates the computation of f on A by replacing
the instructions of P with polynomial-size circuits computing the functions of £
and by easily providing correct answers to the queries of the form (3.19). The
first row of the resulting matrix is the output of C".

The size of C’ is at most n°® - m* < n*. Since g is a permutation, A is
uniformly distributed on §2 and hence C” indeed satisfies . It follows that
there exists a setting of the (n — 1)? random bits used by C” such that for the
resulting circuit C' we have

Pr [9(C(x)) =] =277,

ze{0,1}"
a contradiction. ]

The next corollary follows from Theorem [3.7] Lemma[3.8 and the result of B.
Allen [3] that R} proves BBY! for i > 1.

Corollary 3.9. Let e(x) := 27", If an e-OWP exists then strictRL(j) is weaker
than RY(g). If an e-OWP is definable by a term in the language of Ry, then
strictRy is weaker than R).
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4. Further Results

In this chapter we further develop [Construction B|from Chapter |3 and use it to
improve upon two results from Chapter [3] allowing a richer langauge of theories
and removing a hypothesis from the separation of relativized theories.

In [4] Cook an Thapen investigated various theories weaker than S3 and
showed (sometimes under a computational assumption) that some of these theo-
ries do not prove either BBY} or BBX}. Theorem |4.1| below can be viewed as an
extension of this type of results to a theory which has more induction than theo-
ries considered there, namely stricty%(PV) — LLIND. This theorem strengthens
Theorem by allowing the language of PV'.

Theorem below improves upon the separation of the relativized theories
in Corollary C. Pollett [8] asks whether the theories R3 and strictR} are
distinct. We can summarize an answer as follows: They are, assuming a plausible
computational assumption (Corollary , and the relativized versions of these
theories, R}(a) and strictR}(«), are distinet (unconditionally) by Theorem [4.2]

This chapter uses the same notation as defined in Preliminaries of Chapter

Bl

4.1 A separation of two theories in the language
of PV

Assuming the existence of a one-way permutation hard against polynomial-size
circuits we will separate two theories extending the theory PV;. PV; (defined in
[6], called QPV in [3]) is a first-order variant of the theory PV.

PV is an equational theory defined by Cook [2]. Its language includes a
function symbol for every polynomial time algorithm and these function symbols
are introduced inductively based on Cobham’s characterization of the class of
polynomial time functions as the least class containing several basic functions
and closed under composition and limited recursion on notation. PV contains
defining equations for its function symbols and it uses induction on notation as
a derivation rule.

The theory PV; can be axiomatized by universal axioms defining the function
symbols of PV and the scheme of induction for open formulas. We would like to
use the symbols of Ly as well, so we need to identify them with some functions of
PV. We will do so by including L, in the basic language of PV and by including
BASIC in the axioms of PVj.

We will use the fact that PV; is a universal theory. This is because each open
induction axiom can be rewritten as a universal formula using a function of PV
simulating the binary search (see [3]).

Let ¥2(PV) and stricty?(PV) denote classes of formulas defined like ¥ and
stricty?, respectively, but in the language of PV.

Recall the definition of an e-OWP (Definition [3.5]).

Theorem 4.1. Let 6 > 0 be a rational number, e(x) = 27" and suppose that
an e-OWP exzists. Then PVj + strict¥t(PV) — LLIND is weaker than PV; +
¥¢(PV) — LLIND.
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Proof. We will proceed as in Section [3.6, The setup of the proof is the same
as described by the paragraphs above Theorem (including the hypothesis
(H*))) with one exception: the language £ will have, in addition to symbols listed
there, finitely many new function symbols. By a theorem of Muchnik [7] the
class of polynomial time functions has a finite basis, i.e., there is a finite set
of functions (called a basis) such that the class of polynomial time functions is
the smallest class of functions containing the functions from the basis and closed
under permutation and renaming of variables and under composition of functions.
The new function symbols added to £ are to be interpreted as such a basis.

Then, exactly as we did in the proof of Theorem (3.7, we repeat the proof of
Theorem in the current setup and we get F/G satisfying [(FG 1)|-|(FG 5)|
We take the substructure F'/G of F/G whose universe consists of all elements
of length < 7F for some k € N. We expand F'/G into the language of PV by
interpreting each symbol of PV by an appropriate composition of functions from
the basis. Using Lo$’s theorem and the fact that PV is a universal theory
we have F'/G = PV. From get F'/G | strictXt(PV)—LLIND. Since
SLPs are allowed to query a row of a matrix from 2 by the instruction , it
follows that

F'/G | (Vi < 7)(3z < 1#LSP([idg), 1) §(2) = Brsp(idal,n ([ide], 1)
By and our choice of ¥ (z,y) we get
F'/G W (3y) (Vi < 1) §(Brspjidaln) (¥ 1) = Brsp(jidaln) ([idal, 7).

Thus BB, which is provable in PV + ¥5(PV) — LLIND, does not hold in F'/G.
The theorem hence follows from Lemma |3.8] which holds for our richer language
L as well (with the same proof). O

4.2 A relativized separation

We consider the relativized theories Ri(c) and strictR}(«a) for a new unary rela-
tion symbol . We prove unconditionally that these theories are distinct. Recall
that in Chapter [3| (Corollary we proved their separation under the hypothesis
of the existence of a one-way permutation hard against polynomial-size circuits.
Define
Bit(x,1) := MSP(z,i) ~ 2+ MSP(z,i+ 1).

The comprehension axiom for a formula ¢(x), denoted COMP(a), is the formula
(Jy < 2 (v < [al)(Bit(y,z) = 1 < ¢(z)).

We will choose ¢(x) to be a(x) and we will show that COMP,,(a) separates the
theories above.

Theorem 4.2. For a new unary relation symbol «, strictR}(«a) is weaker than
Ri(«).

Proof. Ri(a) F COMP,(a) is proved by the same recursive doubling trick that
B. Allen [1] used to show that R} proves BBY:..
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To build a model of strictR}(«) where COMP,(a) does not hold we employ
Theorem with the simplification that €2 is a singleton, and hence the filter
and all notions used to construct it become trivial.

Assume that M is a countable nonstandard model of true arithmetic, n €
M\ N, and Q := {0}. Let £ consist of Ly together with the constant n and
the relation symbol a.. Let X, the set of inputs for SLPs, be {0,1,2,...,n}. We
define 9 (y) to be

(Vo < n)(Bit(y,z) = 1 <> a(x)).

(We stop using the symbol idg occuring in Theorem [3.4]since it is now 0.) Instead
of the probabilistic assumption we now have that there is an interpretation
which is in M of « on the set {0,1,2,...,n — 1} and there exists a nonstandard
s € M such that for every SLP P € M of size (logn)® and every e € Fctx(P),

M E —u(e).

This is true because in M there are 2" strings of length n, whereas there is a
constant ¢ € N such that there are less than 2¢os™)™" possible outputs by SLPs
of size at most (logn)®. Hence we can pick a string v of length n which is not
computed by the SLPs and we interpret o by

a(i) ¢ Bit(v,i) = 1.

Now we can allow ¢ = 0 and continue as in the proof of Theorem (3.4, The
only thing that does not become completely trivial is ensuring induction for EIA§”
formulas up to logn. This is done in step of the proof, which under current
circumstances is reduced to the pruning of the tree of SLPs in search for witnesses
of the unbounded existential quantifiers in a formula for which we want to arrange
induction.

The result is a substructure N of M and we take its substructure N’ whose
universe consists of all elements of N of length < #* for some k € N. It is readily
verified that N’ |= strictR(c), that N’ contains an element e with |e| = 71, and
that N’ = -COMP,(e).

O
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5. Concluding Remarks

Our results show that it is possible to come up with a new method for constructing
nonstandard models of bounded arithmetic theories and use it to solve problems
open for some time. We think that further development of the method described
as [Construction B|in Chapter [3]|is possible; results reported in Chapter |4 certify
to this. It seems to be crucial to have suitable open problems as aims, to guide
the development of the method. Below we list two which we think are quite
stimulating.

Problem 1. (/A and the weak pigeonhole principle.) Given a nonstandard
model M of true arithmetic and a nonstandard a € M, can we expand M by
adding a relation R on [0, a] such that the resulting structure satisfies induction
on [0, a for all formulas in the language of arithmetic extended by R and such that
R is an injective map from [0,2a] to [0,a], i.e. R violates the weak pigeonhole
principle? Or, is it at least true that the weak pigeonhole principle for R is
unprovable in /Ay(R), a theory of arithmetic with induction for bounded formulas
in the language extended by R?

Problem 2. (A lower bound for Fy;(®).) Does for every d > 3 exist € > 0 such
that proofs of the tautologies PHP, for £ > 1 in F;() must have size at least
2%? Here the pigeonhole principle PHP;, is a propositional formulation of the
statement that no map from [k+ 1] into [k] is injective and Fy(®) is a Frege proof
system operating with formulas of depth at most d over the DeMorgan language
(0,1,—,V, A) with the parity connective @®.

In particular, is (Vz)PHP(z, R) unprovable in Q,V°? PHP(z, R) is a first-
order formulation of the pigeonhole principle for a binary relation symbol R and
Q,V} is a bounded arithmetic theory with a parity quantifier.

Problem 1 originated with A. MacIntyre in 1980s. M. Ajtai’s beautiful method
[1] was successful in solving Problem 1 for an injective map R from [0,a] to
[0,a — 1], i.e., for the (usual) pigeonhole principle instead of the weak one. But
neither this method nor its later improvements by Krajicek et al. [3] and Pitassi
et al. [4] were able to solve the above problems. In case of Problem 1, the main
obstacle is that we do not have an analogue of the switching lemma, which is
a combinatorial argument that together with a particular forcing construction
forms the method of Ajtai.

We would like to investigate various model-theoretic constructions to tackle
these problems. The aim is to find a construction so that when some combina-
torial task enters the picture it will be easier to deal with than obstacles like the
switching lemma.

Some recent progress on Problem 2 has been achieved by Buss, Kolodziejczyk
and Zdanowski [2] by reducing the question to depth d = 3 only.
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