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Abstract

In this paper we give a new proof of the characterization of the closed
fragment of the provability logic of Heyting’s Arithmetic. We also pro-
vide a characterization of the closed fragment of the provability logic of
Heyting’s Arithmetic plus Markov’s Principle and Heyting’s Arithmetic
plus Primitive Recursive Markov’s Principle.
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1 Introduction

Friedman’s 35th problem was to give a decision procedure for the closed frag-
ment of the provability logic of Peano Arithmetic, PA. See [Fri75]. It was inde-
pently solved by van Benthem (see: [vB74]), Boolos (see: [Boo76]) and Bernardi
& Montagna (unpublished). The story of this result is told in [BS91]. The so-
lution of Friedman’s question would seem to be the end of the story of closed
fragments: the characterization given is simple and definitive. Moreover, as
we now know, it is amazingly stable. The same characterization works for all
¥Y-sound recursively enumerable extensions of Buss’ theory S;.l Very roughly
speaking, one could say that it works in all theories in which one can arithmetize
employing the usual recursive presentations of syntax. Thus, it almost works
for all theories for which the question makes sense at all.

However, the situation changes dramatically, when we go on to consider the
provability logics of constructive theories. New obstacles arise to the proof. We
proceed to the next level in difficulty. Different theories will have markedly
different closed fragments. In my preprint [Vis85], I gave characterizations and
corresponding decision procedures for the closed fragments of HA and HA*.2
The characterizations are reasonably simple. However, in the case of HA, the
verification of the characterization involves a complicated algorithm. I was not
happy with its presentation and tried to improve it in [Vis94]. Finally the result
was published in [Vis02]. Unfortunately, this final presentation still employs the
original unperspicuous algorithm.

In the present paper, I will give a new proof of my old result by formalizing
a Smorynski style Kripke model argument. It is somewhat surprising that the
possibility of such a formalization was so long overlooked. One reason that it
was so easy to overlook, is that one embeds classical methods inside a purely
constructive argument. The new proof, with minor adaptations, also yields a
characterization of the closed fragments of the provability logics of HA + MP
and HA + MPpR.

Why are these results interesting? We can view the question from two per-
spectives. The first perspective starts with the arithmetical theories. These
theories are natural theories. This study throws light on a salient property of
these theories. The second perspective is the perspective of the closed fragments
themselves. The description of the closed fragment is a direct generalization of
the second incompleteness theorem. In the context of the results for constructive
theories, the classical case appears in a new light. We understand it as a special
case of a more general pattern. Thus, enlarging the scope of our enquiry to the
constructive case tells us something essential about closed fragments. Finally,
apart from any specific perspective, one can say that a beautiful underlying
mathematical structure is revealed.

IThe case where we do not have E(l)—soundness just gives rise to a trivial variation.
2For information about HA* see [Vis82], [dJV96], [Vis02] and [Vis06].



Prerequisites

We presuppose a background in provability logic. See e.g. [Boo93] or [Smo85].
We also presuppose basic knowledge of constructive arithmetic. See e.g [Tro73]
or [TvD88]. The chapter [Smo73] of [Tro73] will be especially relevant.
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2 The Framework

The results of the paper fit a reasonably simple framework. In this section we
describe this framework.

The question we are studying is to characterize the closed fragments of the
provability logics of certain arithmetical theories. This introduces two kinds
of theories and their connection. We have closed constructive provability log-
ics and arithmetical theories. The connection between the kinds is formed by
translations of the language of modal logic without propositional variables into
the language of arithmetic. In our framework we will employ a third kind of
theories, to wit theories of degrees of falsity. The theories of degrees of falsity
are connected to closed provability logics via a translation of their language
into the language of modal logic without propositional variables. We proceed
to introduce these three kinds of theories and the relevant translations.

2.1 Degrees of Falsity

The intended arithmetical meaning of the degrees of falsity is: iterated incon-
sistency statements for the given arithmetical theory 7.

Let w™ := w U {cc}. We let o, 8, ..., range over the degrees of falsity.
We use m, n, ..., for the finite degrees of falsity, i.e., the natural numbers.
We equip wT with the usual ordering and define co 4+ 1 := oco. Note that the
successor function remains injective under this extension.

The language D of theories of degrees of falsity is the language given by:

e pu=al(png)|(oVe)|(¢— )

The theory Basic is given by intuitionistic propositional logic with 0 in the role
of L and oo in the role of T, plus the principles F o« — 3, for a < 8. A theory
of degrees of falsity is any extension of Basic in D. We will use A, I, ..., to
range over arbitrary theories of degrees of falsity. We identify = ¢ with (¢ — 0).

An extension of I of Basic is called p-sound iff it does not imply any sentence
of the form a — 3, for 8 < a. We will be mainly interested in p-sound theories.
Here are some further important notions.



e A theory T is decent if, for every ¢ and for every n larger than all finite
m occurring in ¢, we have I' F n — ¢ implies I' - ¢.

e ar(¢) == max{a | T'F a — ¢}. If there is no such maximum, ar(¢) is
undefined.

The decency of I' is a rather natural sufficient condition for the totality of ar.

Theorem 2.1 If T is decent, then, for any ¢, we have that ar(¢) is defined.
Moreover, ar(¢) is either oo or a finite k occurring in ¢.

Proof

Suppose I' is decent. Let n be the maximal finite number occurring in ¢. In
case I' F (n + 1) — ¢, we have, by decency, that ar(¢) = co.
Otherwise, there is a maximal k < n such that I' - k — ¢. So ar(¢) = k.

We show that k occurs in ¢. Let % be the result of replacing every occurrence
of any m > k in ¢ by co. We have 'k — (¢ < ¢). It follows that I' - k — ¢,
and, hence, that I' - ¢. Let k be the smallest s > k occurring in ¢. Clearly,
't /4:~—> (¢ < ¢), and hence I' F k — ¢. So, by the maximality of k, we have
that k = k, and, hence, that k& occurs in ¢. a
Here are some salient extensions of Basic.

e Stronglob := Basic + {((a« — ) — () | B < a},

e Stable := Basic+ {-—a — a|a € w'},

e Classical := Basic+ {aV ~a|acwt}.

Each of these theories is p-sound and decent. (In this paper we will prove the
p-soundness and decency of Basic and Stable.)

2.2 Closed Constructive Provability Logics

We turn to closed constructive provability logics. The modal language LY of
closed logics is given as follows.

e pu=L[T[(oN®)|(6VP)][(¢— ¢)|D¢.

The theory iGL®, intuitionistic Lob’s Logic on zero variables, is the £%-theory
axiomatized by intuitionistic propositional logic plus the following axioms and
rules.

LL F (@¢ AD(¢ — ¢)) — O,
L2. F O¢ — OO0g,

L3. - O(0¢ — ¢) — O¢,

4. F¢ = +O¢.



A closed provability logic is any extension of iGLY in £ that is closed under
L4. We let A, O, ..., range over closed provability logics. We define the modal
degrees of falsity as follows.

o 101 :=1,
o 07l :=00O" |,
e 0% :=T.
We translate D into £ via the translation embg given by the following clauses.
e embg(a) :=0%L,
e emby commutes with the propositional connectives.
Consider any closed logic A. We define:

o TDF, :={¢eD | A+ emby(¢)}.
The theory TDFy is the theory of degrees of falsity of A.

e For ¢, in D: ¢ by yp & AF Oembp(¢p) — Oembg(z)).

The relation kp is the relation of provably deductive consequence w.r.t.
A. We write ~, for the induced equivalence relation.

Note that TDF is monotonic w.r.t. theory extension.

Since emby is a fized embedding we will, when no confusion is possible, omit it.
Thus, e.g., we will treat TDF as if it is a fragment of A. We will write ap for
atpr,- We will say that A is p-sound if TDF, is p-sound and that A is decent
if TDF, is decent.

We prove a number of basic theorems. Consider any closed provability logic A.
Clearly, Frpr, and kv are preorders on the language of D of theories of degrees
of falsity. Moreover, ka extends Frpg,. l.o.w., the identity mapping supports
a functor 7, from the preorder category F1pr, to the preorder category r 4.

Theorem 2.2 Consider any p-sound closed provability logic A. Suppose wp has
a left adjoint ® 5 whose range consists of degrees of falsity. Then we have:

1. ®y is a functor, i.e. B is monotonic.

P (¢) FroE, -

¢ ta Pa(e).

PA(¢) ~a @

A (B) = B.

The function ay is total and ap(p) = Pa(P).

S v e e



Proof

Ttems (1), (2) and (3) are well known facts about adjunctions, noting that we
have suppressed y, since it is supported by the idenity mapping. See [Mac71].
Item (4) follows from (2) and (3).

We prove (5), By (2), we have ®,(5) Frpr, 5. So, by p-soundness, we have:
DA (B) < B. Moreover, we have: § hp Pp(8). So AFOF — O0Pr(8). Low.,
AF (B+1) = (PA(B) + 1). By p-soundness, we have § 4+ 1 < &5 (8) + 1, so
B < ®A(B).

We prove (6). It is sufficient to show that ®, satisfies the conditions for ay.
First note that ®5(¢) Frpr, ¢. Suppose 5 Frpe, ¢. It follows that 8 hp ¢,
and, hence, ®x(8) Fror, ®a(¢). Since 8 = ®p(8) and A is p-sound, it follows
that B8 < (o). Q

We state a sufficient condition for the existence of a left adjoint of my.

Theorem 2.3 Suppose A is a p-sound closed provability logic. Suppose further
that ap is total and, for all ¢ in D, we have ¢ tp ap(@p). Then, ap is the left
adjoint of .

Proof

Let A be a closed provability logic. Suppose that ay is total and ¢~ (o).

Suppose ap(®) Frpr, ¥. Then, ¢ ta apa(d) and ap(¢p) i . We may
conclude that ¢ oy .

Conversely, suppose ¢ ko 1. Since, ap(¢) Frpe, ¢, we have ap(d) ba ¢.
So, we find: ap(d) ha ¢ and ¢ by ¢ and ¥ by ap(y)). We may conclude:
apn(p) a aa(y). By the p-soundness, we find ap(¢) < ap(y). We may
conclude ap (@) Frpe, aa(¥) and ap(¥) Fror, . Hence, ap(¢) Frpr, . Q

Remark 2.4 Note that the proof did not use all the data of the theorem. We
did not use the maximality of o but only the fact that ax(¢) Frpr, ¢. a

Let A be a p-sound closed provability logic for which a is a left adjoint of my.
We define the function nfy : £ — D.

e nfr(a) :=a,
e nfp commutes with the propositional connectives,
o nfa(0¢) := ap(nfa(d)) + 1.

We have the following theorem.

Theorem 2.5 Let A be a p-sound closed provability logic for which ap is a left
adjoint of man. We have A+ ¢ < nfp(9).



Proof

The proof is a simple induction on ¢, using Theorem 2.2. Q

Theorem 2.5 yields a characterization of a A that satisfies its conditions in terms
of nfa, since we have A F ¢ iff nfy(0¢) = oco. In its turn nfy is completely
determined by ayu, which is fixed by TDF,. This result will be the central in
our characterization of the closed fragments of HA, HA + MP and HA 4+ MPpg.

Remark 2.6 Note that we can view the result as follows. Suppose A satisfies
the conditions of Theorem 2.5. We can now enrich the language of A with
new constants a —now not considered as defined— and we can add axioms
F o« 0% to A. We extend the necessitation rule to the system with the new
axioms. Let’s call the resulting system A*. Now Theorem 2.5 tells us that we
have boz-elimination in AT. Q

Consider any theory of degrees of falsity I' for which ar is defined. We can
construct a closed provability logic from I' in the following way. We first extend
the language of I" with the modal operator O. For any ¢ in D, we add an axiom
F O¢ < (ar(¢) + 1). Next, we replace 0 and co by L and T. Finally, we take
the reduct of the resulting theory to the language without 1,2,... We call the
theory thus obtained ALr, the associated logic of I'. It is easy to see that ALp
is a closed provability logic.

Example 2.7 The operation AL is not monotonic w.r.t. theory extension. E.g.,
we have Algasic - O—-—01L — 001, but AlLstape ¥ O-—01L — OOL. Q

Here are the expected consequences of our definition.

Theorem 2.8 Suppose that ' is p-sound and that ar is total. We have:
1. TDFpL. =T,
2. ar s left adjoint to waL,,

8. A= ALr iff ar is left adjoint to wy,

Proof

Ttem (1) is immediate since AL is just a ‘definitional extension’ of I'. Item (2)
follows from Theorem 2.3. Finally, (3) follows from (2) and Theorem 2.2.  Q

Remark 2.9 The box of ALr is in a sense the minimal box of a closed prov-
ability logic which has T" as its theory of degrees of falsity. Suppose ar is total.
Let A be any closed provability logic such that TDF, = I". We have, for ¢ in D:

A (ar(¢)+1) — DOar(e)
— DQZ)



Open Question 2.10 Let I' be p-sound and suppose that ar is total. Consider
all logics A with TDF, =T ordered by theory extension. It is easy to see that
iGL + {embg(¢) | T' F ¢} is the minimal element of this structure. Moreover,
since every formula of ALy is equivalent to embg(¢) for some ¢ in D, we have, for
every strict extension © of ALr, that TDFg is a strict extension of I'. Ergo, ALp
is a maximum of our structure. It would be interesting to have more information
about this structure. E.g., are there other maxima? Q

Open Question 2.11 Can we axiomatize Alg,sic and Alsiape? 1 conjecture
that such an axiomatization will demand extended schemes involving finite dis-
junctions and conjunctions of variable length. Q

2.3 Arithmetical Theories

Let T be any constructive ce theory with a designated interpretation K of iS3,
the intuitionistic version of Buss’ iS}. We write OpA for the formalization
of: A is provable in T. This formalization is supposed to be executed ‘inside’
the interpretation K. We interpret the formulas of £2 in T, via an interpreta-
tion emb? that commutes with the propositional connectives and sends O¢ to
O emb? (¢). We define the closed fragment of T as follows.

o CFr:={¢|TF embT($)}.

Note that CF need not be monotonic w.r.t. extension of theories. We define an
interpretation of embg of D into the language of T" by:

e emb] :=emb] oemby.

The degrees of falsity of T are the formulas OF L := emsz(a). We write TDFp
for: TDFcg,, and b for: kcp,.

We will study the closed fragments of three salient theories: HA, HA + MPpg,
and HA 4+ MP. To prepare our results we will consider a specific class of theories
containing the target theories. Let’s say that T is a ha-theory if T is a theory in
the language of arithmetic that is HA-verifiably a II9-conservative extension of
HA. Note that this notion is intensional: the arithmetical formula defining the
axiom set of a given theory should be part of the data specifying the theory. This
formula is needed to make sense of the question of a theory being a ha-theory.
We can easily provide examples of pairs of theories that are extensionally the
same of which one is a ha-theory and of which the other is not. For the theories
we are considering like HA + MP, we assume that they are defined by a natural
formula.

The ha-theories include HA, HA*, HA+MP, HA +MPpgr, HA+ECTy, MA :=
HA + ECTo + MP and PA. Note that ha-theories are I13-sound. Note that it
follows that the closed fragment of any ha-theory is p-sound.

For all ha-theories U, V, and W, we have U F Oy L « O, L, since any
ha-theory is a HA-verifiably a I13-conservative extension of HA. So, modulo U-
provable equivalence, the degrees of falsity of any of our theories are the same



as the corresponding degrees of falsity of any other of our theories. This justifies
us in suppressing the embedding em b3T in the context of any ha-theory. We will
treat TDFr simply as a fragment of 7. We use ag for atpr,, etc.

For the theories HA, HA*, HA +MP, HA +MPpg and PA, all the information
about the closed fragment is contained in the theory of the degrees of falsity. In
fact, for each target theory T of this list, we have CFr = ALtpr,.. Here are the
theories of the degrees of falsity of our target theories.

1. TDFpa = Basic,

2. TDFya+ = Basic+ {((a — 3) — ) | B < a} =: Strongldb,

3. TDFpyarmp = DFpyaimpe = Basic + {-—a — a | @ € wT} =: Stable,
4. TDFpa := Basic+ {aV -« | a € wt} =: Classical.

We will provide a new proof for (1) (see also [Vis02]), and we will prove (3) for
the first time in this paper. For (2), see [Vis02]. Finally, (3) is an immediate
consequence of the classical answer to Friedman’s problem.

We will show that, for the theories HA, HA + MP, HA + MPpg, the mapping
ar is the left adjoint of . Moreover, a is computable. This implies that nfp
is computable. Since we have, for ¢ in LY, that CFr I ¢ iff nfr(0¢) = oo, we
obtain a decision procedure for CFr.

For the proofs of the analogous facts for HA*, see [Vis02]. For PA, see the
classical literature.

3 Small Beer

In this section we collect some small facts in the environment of our main result.
This section can very well be skipped.

3.1 Structural Facts about Theories of Degrees of Falsity

A first observation is that ar, if defined, is monotonic in I".

One can show by a Kripke model argument that the theories Stronglob and
Classical are maximal among p-sound theories.

Theorem 3.1 Classical is the unique mazimal p-sound extension of Stable.

Proof
Let I" be a p-sound extension of Stable. Suppose I' F ¢. We have:

Classical - ¢ < /\(Oé — ),

for some selection of pairs «, 8. Since we have the principles of Classical inside
double negation, we find: T' + == A(a — ). Ergo, I' F A(e — ——f), and,
hence, I' = A(a — ), since T' extends Stable. So, we find, by p-soundness,
a < 3, for each pair «, 8 in our conjunction. It follows that Classical F ¢. ]



We may conclude that TDFya C Classical, thus obtaining an upper bound. One
can show that TDFwa is strictly between Stable and Classical. Further study of
TDFma —evidently the most exciting theory of degrees of falsity— will have to
wait for another paper.

Open Question 3.2 1. Are there more examples of maximal p-sound the-
ories?
2. Is Stable the mimimal theory that has Classical as unique maximal p-sound

extension?

3. Are there interesting subtheories of Stronglob that have Stronglob as unique
maximal p-sound extension?
Q

3.2 [II3-sentences of Theories of Degrees of Falsity

Suppose HA I ¢ <+ P, where P is 11 and where ¢ is (a standard interpretation
of a sentence) in D. By reasoning in Basic, we have HA - —=—¢ — A(a — —==[3),
where «, 3 ranges over a finite set of such pairs with § < a. We find that:
HA+ P — (o — ——3). Hence by the Friedman translation w.r.t. 3:

HAE PP — ((a Vv 8) — (BV B) = B) — B)).
Since P is 113, we have HA = P — PP. Ergo, HAF P — (a — 3).

Conversely, we have HA - A\(a — 3) — ——P. Say P is Vo Sx, where Sz is Y.
By Friedman translating w.r.t. Sa, we get:

HA F /\((a VvV Sa) — (BV Sa)) — ((Vz (Sz Vv Sa) — Sa) — Sa).

Hence HA - A(ae — ) — Sa, and, so, HA - A(ae — ) — P. Combining we
get: HAF A(a — ) < P.

Note that our argument works for every ha-theory for which Friedman’s trans-
lation works with ¥{-formulas as ‘superscript formulas’. For ha-theories T that
are extensions of HA + MPpr we can reason more directly.

Let T be a ha-theory that extends HA + MPpg. Clearly for any II9-formula
Q, we have T - == Q < Q. Suppose T P « ¢, for P in II3 and ¢ in £y. We
have T F == P < == A(a — (), by elementary reasoning. Since both P and
ANla — B) are 113, we find: T+ P« A\(a — ).

3.3 TDF as a Mapping of Theories

We note that TDF7 is monotonic in 7.

Here is another simple insight. Let T" be a ha-theory. Then, HA+ TDF is a ha-
theory and TDFyay1Dr, = TDFr. It is important to note that to understand

10



the insight properly we have to think intensionally. E.g., the formula defining
the theory HA4TDF7 goes into the verification of the fact that it is a subtheory
of T. We assume that this formula is an obvious formula involving the formula
defining the axiom set of T

Open Question 3.3 If we run through ha-theories which theories of degrees
of falsity are assumed. l.o.w, what is the range of the mapping TDF? E.g., is
every ce r-sound theory of degrees of falsity extensionally equal to the TDF7 of
a ha-theory T7 aQ

We provide a modest partial result.

Theorem 3.4 Let I" be an intensionally given ce extension of Stable and sup-
pose that:

HAFVa, 8 (Onasmper+r (@ — 8) = Dhapmpeg (0 = 5) ).

Then, HA + MPpr +T" is a ha-theory and TDFyarmppesr =T

Proof

We assume the hypothesis of the theorem. Reason in HA. Suppose P is I1 and
that Opat+mppe+r P. Then, for some finite conjunction v of formulas from I,
Ona+Mpeg (v — P). It follows that Opatmpes (71— v — P). Moreover, for some
finite set of pairs «, 3, we have Oparmpes (07 < Ala — 3)). So we have (i)
Ona+mpeg+1 Al — 3) and (ii) Ouatmpeg (/\(a@ — 8) — P). By our hypothesis,
we have from (i): Onatmper A — B). So, by (ii), we find Oyaimpp P. Hence,
OpaP. We may conclude that HA + MPpr + T is a ha-theory.

Suppose HA + MPpr + I' F ¢. Then, since I" extends Stable, by the results of
the next section: I' - gﬁ SO, I'= TDFHA+MPPR+F- a

4 The Main Result

We first provide Smorynski style Kripke arguments to characterize TDFya,
TDFua+mper and TDFyaymp. Then, by formalizing these arguments, we prove
the existence of a left adjoint of the embedding of 7 into k7, considered as
preorderings on D, for T one of these three theories.

4.1 Kripke Model Arguments

We show that Basic provides a complete axiomatization of TDFya. A Kripke
model for Basic is a Kripke model in the usual sense with o € w™ as atoms for
the atomic forcing. Here we use 0 in the role of L and oo in the role of T. We
demand: k IF n and m > n implies k IF m. A Kripke model for Basic is finite

11



iff it has a finite number of nodes and, for some number N, we have that N is
forced in all nodes.

Consider any Kripke model K for Basic such that IC ¥ ¢. Let N be larger
than all finite atoms occurring in ¢. We transform our model to a model K’ by
resetting the atomic forcing to: k I n iff k Ik n or n > N. It is easy to see
that K’ is again a model of Basic and K’ ¥ ¢. We collapse K’ by dividing out
the maximal bisimulation, thus obtaining a finite model 7 of Basic with J ¥ ¢.
We have shown:

Theorem 4.1 The class of all finite Kripke models for Basic is complete for
Basic.

It follows immediately that Basic is decent. We have:

Theorem 4.2 For all ¢ in D, apasic(P) is defined. Moreover apasic(¢) is com-
putable by a multi-exponential algorithm.

Proof

The fact that agasic is total, follows from decency.

Let N be the smallest finite degree of falsity not occurring in ¢. We construct
a finite Henkin model for ordinary propositional logic for the formula ¢ :=
(NAN(E — 0 | k <t < N}), where we take as the nodes of the model
saturated subsets of the subformulas of ¢ and ¥ plus co. One may show that,
for K < N, we have Basic - k — ¢ iff H IF k& — ¢. It follows that we can
determine apasic(¢) by running through H. a

We define, for finite Kripke models of Basic:
e 1y is the largest n such that k ¥ n.

Note that in a finite Kripke model the atomic forcing is completely determined
by the vg. Consider any D-formula ¢. Suppose Basic ¥ ¢. We show that
HA ¥ ¢. Consider a finite Kripke model for Basic that does not force ¢ at the
root. We unravel this model to a finite Kripke tree, say 7. We build a model
T* of HA on the frame of 7. We associate to every node k a model My of
PA 4+ =g + (v + 1) as follows.

To the root b we assign an arbitrarily chosen model of PA + v + (v + 1).
(Such a model exists by Lob’s Theorem and the Completeness Theorem.)

Suppose we have already assigned My to k. We will have insured that My
satisfies PA + = v, + (v, + 1). Let £ be a direct successor of k. In case vy = vy,
we put My := M. In case vy < v, we proceed as follows. Note that — vy is
PA-provably equivalent to con(PA + — (v — 1)). Since vy < v, — 1, we have:

M. = PA + con(PA 4+ —wvy).

12



By Lob’s Theorem, it follows that:
My, = PA + con(PA + =y + (v + 1)).
By the Feferman-Henkin construction, we can find an interpretation
Hy, o (PA+con(PA+ - + (ve + 1)) > (PA+ —vp + (ve + 1)).

We take M, := MOD(H,,)(My), i.e., the internal model of M}, given by H,,.
Clearly: My = PA+ -+ (v + 1).

Since the cone above each node is internally definable in the model associated
to that node, we find, by Smoryniski’s reasoning, that 7* IF HA. See [Smo73].
Moreover, since, for X{-sentences S, we have k I S < M, = S, we find:
klFn < Mg E n. By our construction, it follows that 7 is equal to 7* if
we restrict 7* to the degrees of falsity (modulo embs). We may conclude that
T F ¢.

We can easily adapt our argument to establish a similar result for HA 4+ MP and
HA + MPpgr. The proof of the finite model property for Stable is word for word
the same. It follows that Stable is decent.

Let’s say that a finite Kripke model for Basic is upwards reflecting if, for
every node k there is a top-node k' > k. such that k - — vy, i.o.w., such that
the atomic forcing of k' is the same as the atomic forcing of k. By a simple
argument one can show that a finite Kripke model for Basic is a finite Kripke
model for Stable iff it is upwards reflecting. We may conclude:

Theorem 4.3 We have completeness for Stable in the class of finite upwards
reflecting Kripke models for Basic.

Also the argument for the multi-exponential computability of asiapie is the same.

Theorem 4.4 We have: Qstaple @S total and computable by a multi-exponential
algorithm.

We clearly have that Stable is a subtheory of TDFuaimpp, and TDFpatmp.
Suppose Stable ¥ ¢. We show that HA + MP ¥ ¢. Let 7 be an upwards
reflecting finite Kripke tree such that the root of 7 does not force ¢. Consider
the model 7* constructed above. Note that, by the construction, it has the
property that above each node k there is a top node k' such that My = M.

We claim that 7* forces Markov’s Principle. Suppose k IF Vz (Agz V — Apx)
and k IF —— 3z Apxz. Let k' be a top node above k such that My = M.
Clearly, k' IF 3z Agx. Let a be a domain element such that k' I Aga. We find
that k¥ —Aga, and so, by decidability, k IF Aga. Thus, k IF 3z Agx.

It follows that Stable provides a complete axiomatization for TDFyaymp and
TDFHA - MPeg -
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4.2 Formalization of Kripke Models

Our next step is to verify the completeness side of the two above proofs inside
HA. The result gets the form: HA F Op¢ — Orar(¢), where T is one of our
three target theories. By Theorem 2.3, this is precisely what we need to show
that ar is left adjoint to wp. Thus, we obtain the desired characterization.

To realize our program, we will have to eliminate the reference to models
and replace it fully by talk about interpretations. In fact we will view k IF A as
an arithmetical formula B. Let 7 be any finite tree model of Basic which forces
some finite N. Let the ordering of 7 be <. We write <; for: direct successor
in the <-relation. We define a translation as follows.

e Suppose k <1 £. Then, Hy, := ID, iff v, = vy and Hie := H,,, if vy < vp.
Here H,, is as defined in Subsection 4.1. We write Fy, for (a formula
representing) the Dedekind embedding of ID into Hye. l.o.w., Fje is an
arithmetical formula that represents the initial embedding of the numbers
of the given extension of PA into the numbers of the interpretation H,,.

e Suppose k =/{y <1 01 <1 ... <1 £,_1 =K. Then:

Hirr = Hagey, © -0 Hey_pe, s
We write 0y for dy,,,
e It is convenient to give our definitions by restricting the given Kripke

model to the cone above a given node k. Thus, our definitions are for ‘the
model as it looks according to k’.

Suppose k < k' =0y <1 01 <1 ... <1 p_1 = k”. Then:
o gTteen o Hreg 3
Frprpn = F€7L726n71 0...0 Ffoﬁlo'

Note that Fyg/ - is the Dedekind embedding of Hyys into Hyxr .

e We define a mapping (-) Iy (-) from pairs of nodes and arithmetical
sentences to arithmetical sentences.

v (k' Ikp, PE) s (PZ)Mar,
v k' Ik () commutes with L, T, conjunction and disjunction.
v (k' Ik, (AZ — BX)) 1<
Nirrsr VI (@ Fkrrer G N K" i Ay) — K7 Iby BY).
v (k' Ik, Vu AuZ) /\k”tk’ Vu:dpr VY (ZFpr e — k' Ik Aug).
v (k' Ik, Fu AuZ) o Fu:bpr K Iy AuZ.

Let Ty, := PA+ -, + (I/k + ].)
Fact 4.5 Suppose k < k' < k" <¥£. We have in Ty:

i. Hkk// = Hkk’ OHk)’k”-

3Note the reversal of order here. This is because the MOD-functor is contravariant.
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g Hor
1. 5kk” = 5k’}1::§/, .
Wi, Frrro = Frpre © Frprgr

. H
. Fkk//g = Fk,;;/k,/e

Proof
We treat (iv). Suppose k" = mg <1 m1 <1 ... <1 my—1 = £. We have in Tj:
Flty = (Fn il 0.0 Fotio P
= (B 0o (Fio e
= Fg:ij:f::?"’z 0...0 F::(fﬁ{fnk/mo
— F:::T;ﬁi,l 0...0 F;}écﬂ{?
= Frrre

]
Fact 4.6 Suppose k < k' < k”. We have: Ty, = (k" IFp A) < (k" - A)Hew

Proof
Suppose k < k’ < k”. The proof is by induction on A.

For the base case, we reason in Tj. We have: k” |- PZ iff (PZ)™. But
Hkk” = Hkk’ OHklk//. SO7 (Pf)HkkH iff ((Pf)Hk/k//)Hkk/ iff (k/, ”_k’ P(f)Hkk/

The cases of 1, T, conjunction, disjunction and existential quantification are
easy.

We treat the case of implication. The case of the universal quantifier is similar.
Reason in T},. We have:

K' b (BT — CE) [\ Vi (FFr e Ak Bi) — L C)
Ztk‘”
o N\ VT Ok (EFSEST A (€ B )
o=k
— (0 lFg Cif)Thsr)

o (N VI (@Fermef A IEy Bif) — by, Cif)) M
etk,”

o (K"l (BZ — Cz))Mew

Fact 4.7 Persistence: Suppose k < k' < k. We have:
Ty b (ZFpoin T A K Iy AT) — B Iy A7)

15



Proof

The proof is by a simple induction on A. The atomic case uses the fact that the
Dedekind embedding is an embedding of structures. a

Fact 4.8 We have, verifiably in HA, that, for any finite I'Z, if I'Z Fiqc A%,
then:
Tt N\ VZE:0w ((/\ K by BE) — K by, AZ).
K=k BZelE

Proof
The proof is by induction on the number of steps in the IQC-proof. Q

Fact 4.9 Let a finite tree for Basic be given. We have, verifiably in HA, that,
for any k' = k and for any aziom C of HA, we have Ty, b (K’ I+ C).

Proof

We treat, for example, the axiom F Vx Sz # 0. Reason in Tj. We have to show
that Ay V2 1 6 (K’ Ik Sz =0). In other words, we want to show that:

/\ Va:dp (S = 0)M e,
k' >k

But this is trivial, since Hy ;s is an interpretation of PA.

We turn to the case of induction. We reason in HA. Suppose we have verified
T B (K" kg ©), for all K = k' = k and for all instances of induction C. Fix
k and k’. Consider any Dzi. We define:

e prog, (Dzy) <o DOY AVz (Dzy — DSzY).
e ind;(Dzy) :< (prog,(Dzy) — YV Dzy).
We want to prove: Ty F ¢ : dgrr — (K’ IFg ind,(Dzy)). We have, for k" = k,
Ty = (K" kg ind, (Dzy)).
Since, Hyx is an interpretation of Ty~ in Ty, it follows that:
(1) T b9 : Sprr — (K" kg indy (Daif)) e

—

We reason in Tj. Suppose that k” > k" and ¢ : dgr and k" Ik prog, (Dxy)

Case 1: Suppose first that k” = k. It follows that (k" IFg prog, (Dxi)) s
By (1), we have (k" IFp» Yz Dxgj)™er . Hence, k" k), Yo Dzy.
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Case 2: Suppose k" = k. It follows that k¥’ = k. We have to show k IF;, Vx Dzxy.
Note that by persistence, we have, for any ¢ > k, and any Z such that yFj.Z,
that ¢ Ik prog,(DzZ). Hence, by Case 1, we find ¢ Ik, Vo DzZz. So it is
sufficient to show that Va k Ik, Dzy. From k Ik prog,(Dxy), we can derive:
prog, (k Ik Dz%). Hence the desired result follows by the induction scheme of
the classical theory Tj. a

Fact 4.10 Suppose ST is a ¥V-formula. Then
T BT Oy — (SHkk/fH (/{J/ IFg S?j))

This fact is verifiable in HA.

Proof

The main part of the proof is by induction on the complexity of Ag-formulas A.
The addition of the initial block of existential quantifiers is easy. We use the
fact that we already know that HA is forced in our finite model, that HA proves
the decidability of Ag-formulas and the fact that, for decidable A,

HA F —Va<t Az « Jz<t - Ax.

We treat the case of the bounded universal quantifier. Suppose A is Ay and
satisfies the induction hypothesis. We reason in Tj. Suppose ¥ : dgxrr and x is
not among the .

Voo ((x < t§)™ — K |y, Azg)

K by Vo<ty Az —
— Vb (< tg)Toe — ATew )
—  (Vo<ty Axg) e

K Wy Va<ty Azy — K by ~Va<ty Azy
— Ky, Fx<tiy - Axy
—  Fepr (@ < 7)) AK Ik = Az)
—  Fep ((x < t§) e AK Wy, Az
— Fpp ((x < tg) e A= AT 277)
— (B < t§ - Axi) T
— (Vo < tif Axg) e
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Remark 4.11 There is an alternative proof of Theorem 4.10 following an idea
of Smoryriski which avoids most of the inductive cases: one uses the fact that
Matijacevi¢’s theorem can be verified in HA. This proof has the advantage of
being simpler. It has the disadvantage of using a major theorem. Moreover, it
does not downwards generalize —as far as we know— to e.g. ilA. Q

Fact 4.12 Let a finite Kripke tree for Basic be given. We have, for k < k/,
verifiably in Ty, that k' Wy vi and k' kg (v + 1).

Proof

Reason in Tj. We have already seen that &’ IF;, HA. We also have k' I, v}, iff
V,Z',(""“/. Since, Hyy: interprets T, we have —\1/:,{’“’“’. Ergo, k' Wy, v},. The other
case is similar. a

Fact 4.13 Let a finite Kripke tree for Basic be given. Suppose k < k’. Suppose
E'\k¢. We have Ty, b (K" Ik, ¢). Similarly, if k' ¥ ¢, then, Ty, = (K’ Wi ¢).

Proof
The proof is by induction on ¢ using Fact 4.12. Q

Theorem 4.14 Consider any ¢ in Lo. We have: HA F Oyad — Opaapasic(d).

Proof

In case apasic(¢) = oo, this is trivial. We assume that agasic(¢) is finite. By
Kripke completeness, we can find a finite Kripke tree for Basic with root b, such
that and b ¥ ¢ and vy = apasic(¢). Reason in HA. Suppose Oya¢g. It follows
that O, (b IFp ¢). On the other hand, since b ¥ ¢, we have: Op, (b ¥y ¢).
Ergo, Op, L. Hence, Opa((vp +1) — 15). By Lob’s Theorem, in combination
with the verifiable I13-conservativity of PA over HA, we find that Opavp and,
thus, Opave. In other words, Opyacgasic(@). a

To adapt our proof to HA 4+ MPpgr and HA 4+ MP. The only extra step is
to verify in that, for a finite upwards reflecting tree 7, we have, in HA, that
k' IF (HA4+MP). The argument needed to do that closely follows the argument
at the end of Subsection 4.1. So we have:

Theorem 4.15 Consider any ¢ in Ly. Let U be either HA+MPpr or HA+MP.
We have: HAF Oy¢ — Opastaple(d)-

We have proved the conditions of Theorem 2.3 for the pairs CFya, Basic and
CFua+MPpg, Stable and CFyaymp, Stable. This completes our characterization
of the closed fragments of HA, HA + MPpgr, and HA + MP. We have:

18



L] CFHA = ALBasim
o CFpatmp = CFua+MPrr = Alstable-

Example 4.16 We provide an example of a theory that does not conform to
our pattern. Define T':= HA + {(n — (1 VvV —1)) | n € w}. Since T is between
HA and PA, we find that T is a ha-theory.

Suppose that T+ O7(1V —1). It follows by the I13-soundness of T that T -
1V =1. By a simple Kripke model argument we can show that 7" has the
disjunction property. So T'F 1 or T'+ =1. Quod non.

Suppose that T+ Or(1V —1) < n. It follows that T (n 4+ 1) — n, and hence
T+ n. Quod non.

We may conclude that, for no 5, we have T'+ Op(1 VvV —1) <> 3. Note that
TDF7 is not decent, so the question remains for a decent example that does not
conform to the pattern. Q
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